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ABSTRACT
The developments of distributed generators (DGs) and electric vehicles (EVs) are dramatical
due to the rapid increase of friendly environment desire. While on another hand, the
proliferation of distributed generators (DGs) and electric vehicle charging stations (EVCSs)
has brought voltage regulation challenges to distribution systems due to their high generations
and heavy loads.
In this thesis, a distributed control strategy is proposed which mainly consisted by a reactive
compensation algorithm to dispatch surplus reactive power from DGs and EVCSs for proper
voltage regulation without violating their converters’ capacity limits or stressing conventional
voltage control devices, i.e., on-load tap changers (OLTCs), and an active power curtailment
algorithm for DGs to properly integrate OLTC in voltage regulation when the reactive power
compensation is deficient. The proposed control algorithms rely on consensus theory and
sensitivity analysis, thus, minimizing the active and reactive powers needed for voltage
support, and decreasing the net cost of voltage regulation. In the proposed control strategy,
three distributed voltage regulation algorithms, as well as a distributed control method for
OLTC, are developed and coordinated to realize adequate voltage maintaining effects.
Simulation results of a typical distribution system confirm the effectiveness and robustness of
the proposed distributed control strategy in continuously maintaining proper voltage regulation
for the whole distribution system with minimum power demands from DGs and EVCSs, and
reduced tap operation for OLTC, within every 24 hours.
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CHAPTER 1
INTRODUCTION
1.1 Overview
With the increasing concern about sustainable development in the future, global warming is
becoming a more and more conspicuous issue that deserves attention from the whole world.
Global warming is mainly caused by excess greenhouse gas emissions, thus shifting toward
electrified transportation and renewable energy sources (RESs) becomes imperative. An
overall target of a 50% reduction in greenhouse gas emissions produced due to global energy
is set to be reached by the Energy Technology Perspectives 2010 BLUE Map in 2050 [1]. The
rapid progression of electric vehicles (EVs) and RESs is necessary to achieve this target.
Consequently, the predicted surge in the penetration levels of EVs and RESs would stress the
existing infrastructure of distribution systems, and cause voltage regulation challenges [2].
The stochastic nature of renewable power and EV charging demand can lead to the concurrent
occurrence of overvoltage and undervoltage problems in multi-feeder distribution systems [3].
Renewable-based distributed generators (DGs) are the most popular application of RESs.
Compared with typical fossil energy, renewable energies, i.e., hydro, solar, and wind, can
observably restrict greenhouse gases. Besides hydro DGs, solar DGs and wind DGs are also
gaining rapidly increasing popularity in Canada. However, all DGs could potentially cause
overvoltage problems during peak power generation. Conversely, EVs industry is booming,
which is regarded as another way to decrease greenhouse gas emissions. Nevertheless, high
penetration levels of EVs add extra demand on the grid, and therefore, may trigger
undervoltage problems. As a result, voltage regulation becomes challenging, conventional
voltage control devices, such as on-load tap changers (OLTC), may suffer from rapid wear and
tear due to excessive operation, and the net cost of voltage control may increase signally.
1

1.2 Objective
The ultimate goal of this thesis is to allow higher penetration levels of EVs and DGs by
mitigating voltage violations without the need to upgrade the grid infrastructure or stress the
conventional voltage regulation devices. Therefore, the objectives of this thesis are (i)
minimizing the reactive power support from DGs and EVs, (ii) minimizing the DG active
power curtailment, (iii) relaxing the operation of OLTCs, and (iv) supplying fulfilled EV
charging demand. Three distributed voltage regulation algorithms and one control method are
developed based on consensus theory and sensitivity analysis to encounter the concurrent
voltage regulation problem. The proposed voltage regulation strategy firstly utilizes surplus
reactive power from DGs and EVs to maintain voltages of all buses in an ADNs within standard
limits. Meanwhile, the proposed strategy relies on sensitivity analysis to achieve the
minimization of reactive power demand in the premise of voltage problem eliminating. By
doing this, the stress of OLTC can be significantly relieved. A sensitivity-based active power
curtailment (SPC) is also included in the strategy in case the activating condition of OLTC is
not met. Similar to the main scheme: sensitivity-based reactive power compensation (SQC),
the presented SPC also relies on sensitivity theory and aims at minimizing total curtailed active
power.

1.3 Structure of the Thesis
The structure of this thesis is as shown below. First of all, literature reviews and voltage
regulation background are introduced in Chapter 2. Preliminary material related to cooperative
distributed control is explained in Chapter 3. Then in Chapter 4, the problem statement and
system model are described. Chapter 5 proposes the initialization and the main parts of the
distributed control algorithms. Furthermore, the proposed active power curtailment and the
coordination between all distributed control algorithms are presented in Chapter 6. Finally,
2

Chapter 7 demonstrates conclusions and future works.

3

CHAPTER 2
LITERATURE SURVEY
2.1 Introduction
With the increasing attention of environment protection, global warming is becoming one of
the most critical environmental problems for the earth and human beings. Global warming is
mainly caused by the emission of greenhouse gases, i.e., ox carbide and ox nitride [1]. The
production of these greenhouse gases can be widely found in the combustion of typical fossil
energy, i.e., centralized thermal power plants and vehicle exhaust [2], [3]. While the good news
is the impacts of the two aforementioned aspects are being weakened in recent years due to the
development of alternative solutions, i.e., renewable energy sources (RES) [4] and
transportation electrifications [5].
RESs are integrated into distribution networks in the form of DGs [6]. The development of
renewable DGs (e.g., photovoltaic (PV) panel and wind turbine) is encouraged globally to
release the environmental and energy pressure [7]. Based on the official statistics of the
Canadian government, the consumption of typical fossil energy, like gas, has experienced a
significant decreasing [8]. Also, recent years have witnessed the dropping price of DG
manufacturing, which creates a profitable atmosphere for DG investment [9]. A series of
researches are carried out to motivate DG integration [10].
On the other hand, using EV to replace the typical gasoline vehicle is being spread widely as
the reflect of electrifications [11]. It is obvious that EV is helpful for achieving the
environment-friendly target because it barely produces greenhouse gases and other harmful
emissions. Based on the statistics, throughout the world. Same as DGs, many studies of EVs
have been proposed to investigate its features [12].
However, the increasing of DGs and EVs may raise non-negligible security concerns for
Distribution Network Operators [13]. The reason behind that is high penetration levels of DGs
4

EVs would stress the network, and therefore bring series network issues, e.g., overvoltages,
undervoltages, reverse power flow, line congestions, and high power losses. Among these
problems, voltage violations mandate imperative intervention to assure network reliability and
security [14]. Improper voltage regulation can bring many issues to end-users. Sustained
overvoltages or undervoltages can lead to hazardous or less-efficient equipment operations and
trippings of sensitive loads, and then cause equipment damage or failure. Besides,
undervoltages can lead to overheating of induction motors, while overvoltages can cause higher
no-load losses in transformers. Proper voltage regulation will improve the voltage profile,
reduce system losses, and increase equipment safety. Thus, many strategies have been proposed
to contribute to voltage regulation. These methods can be classified into three categories: local,
centralized, and distributed methods [15]–[17].

2.2 Local Voltage Regulation
The local control methods only rely on local measurements and control devices. The advantage
of local methods is its autonomous characteristic, i.e., receiving local information from the
system, somehow (based on certain rules) selecting an action to perform, and performing that
action [18]. Therefore, it has the flexibility to respond to load fluctuations. Local control
methods typically perform three procedures: (i) voltage drop calculation, (ii) line-drop
compensation, and (iii) activating voltage control device(s), as demonstrated in Figure 2.1.

5

(Ⅰ) Voltage drop calculations
Determine the resistive and
inductive settings of LDCs

(Ⅲ) Voltage control devices
•
•
•

(Ⅱ) Line-drop compensators
(LDCs)
Output the tap and switch
settings of control devices

On-load tap changers (OLTCs)
Step voltage regulators (SVRs)
Switched capacitors (SCs)

Physically correct the voltages at
the target point
Figure 2.1. Procedure of local control.

The phase diagram for voltage drop calculation is displayed in Figure 2.2.

Im(ZI)

ZI

δ
θ

RI

jXI

Real(ZI)

I
Figure 2.2. Magnitude and angle relationships of voltage.

in which 𝛿 is very small, thus the voltage drop can be approximated as
𝑉𝑑𝑟𝑜𝑝 = |𝐼𝑍| = |𝑉𝑆 | − |𝑉𝐿 | ≈ 𝑅𝑒{𝐼𝑍} = 𝐼𝑅 𝑅 + 𝐼𝑋 𝑋

(2.1)

where 𝑉𝑆 and 𝑉𝐿 mean the voltage across source and load respectively. 𝐼𝑅 and 𝐼𝑋 are the active
and reactive components of the feeder currents which can be calculated as

𝐼𝑅 = 𝐼 × 𝑝𝑓 = 𝐼 cos 𝜃

(2.2a)

𝐼𝑋 = 𝐼 sin(cos−1 (𝑝𝑓)) = 𝐼 sin 𝜃

(2.2b)

in which 𝑝𝑓 is the load power factor and 𝐼 is the magnitude of current in amps which can be
written as

6

𝐼 ̅ = 𝐼𝑅 − 𝑗𝐼𝑋

(2.3)

As illustrated in Figure 2.1, voltage drop calculation determines the dial setting of the
adjustable resistive and reactive elements of the second procedure: a unit called the line-drop
compensator (LDC) located on the control panel of the voltage regulator. Voltage regulators
located in substations or on feeders are used to keep the voltage constant at a fictitious
regulation point (regulating/target point), and the regulation point is usually selected to be
somewhere between the regulator and the end of the feeder. The purpose of the LDC is to model
the voltage drop of the distribution line from the regulator to the load center. The compensator
is an analog circuit that is a scale model of the line circuit. The input voltage of the compensator
is typically 120 volts, which requires the voltage transformer in the figure to reduce the rated
voltage to 120 volts. The structure of the LDC is displayed in Figure 2.3 below.
The current transformer turns ratio is specified as 𝐶𝑇𝑝 : 𝐶𝑇𝑠 , where the primary rating 𝐶𝑇𝑝 is
typically the rated current of the feeder. The most critical setting is that of 𝑅 ′ and 𝑋 ′ calibrated
in volts. These values must represent the equivalent impedance from the

Load
center
+

_ 1:1

+
+

Voltage
relay

_

_

Figure 2.3. Line-drop compensator (LDC).

regulator to the load center. The basic requirement is to force the per-unit line impedance to be
equal to the per-unit compensator impedance. In order to cause this to happen, it is essential
that a consistent set of base values be developed wherein the per-unit voltage and currents in
7

the line and the compensator are equal.
The consistent set of base values is determined by selecting a base voltage and current for the
line circuit, and then computing the base voltage and current in the compensator by dividing
the system base values by the voltage transformer ratio and current transformer ratio,
respectively.
The last step of the local control approach consists of voltage control devices,
which are the real actuators that physically correct the target point voltages. The two main
voltage control devices controlled locally are tap changer transformers and capacitor banks
(CBs). Tap changer transformers adjust the voltage by changing the transformer’s turns ratio.
Tap changer can be found in on-load tap changer (OLTC) and step voltage regulator (SVR).
OLTCs is normally double-winding transformers, and are located in the substation, while SVRs
are autotransformers and placed on feeders. Compared with OLTC, SVR has higher response
speed and lower system loss, but the operating range of voltage is limited, so they are both
essential. on the other hand, CBs can be further classified into substation CBs and feeder shunt
CBs based on their location. Capacitor banks can only compensate for voltage rise problems
and improve power factors. However, local methods may fail in the presence of DGs and EVs,
due to their stochastic power profiles, and could result in conflicts among voltage control
devices.

2.3 Centralized Approach
2.3.1 Centralized Voltage Regulation without EVs
Every centralized approach involves a central controller that runs an optimization algorithm
after receiving information from remote terminal units (RTUs), which are deployed throughout
the system. In [19], an optimal reactive dispatch scheme is proposed to coordinate OLTCs and
CBs in addition to minimizing the operational cost of these voltage control devices. In [20],
the author presented a coordinated volt/var control scheme to coordinate several control
8

devices, i.e., step voltage regulator (SVR) using a genetic algorithm (GA). However, DGs
effects were not employed in voltage regulation in these two methods.
In [21], a new coordinated control of distributed energy storage system with tap changer
transformers for voltage rise mitigation under high PV penetration was proposed, in which, the
objective was to relieve the tap changer operation stress, shave the utility peak load, and
decrease the transmission and distribution active power loss under high solar power
penetration. In [22], the paper proposed a general formulation of an optimization process,
which is applicable to any distribution network (starting from its topological and rated data)
and is integrated into a dynamic simulator implementing a more enhanced PV control system.
It provides optimal DG reactive power references to DG primary level controllers, which
ensure decoupled active/reactive power control through a feedback linearization. A cooperative
voltage control method, which coordinates DGs’ inverters and other existing control devices,
is proposed in [23], considering forecasting error. The approach in [24] presented a voltage
regulation method for low voltage distribution feeder with high PV penetration levels, which
utilizes an electronic tap changer to provide rapid wide-range voltage regulation, and combines
this with local reactive power injection from PV DG system to reduce feeder currents and
losses. The authors of [25] proposed a remote volt/var control method that relies on a flexible
power electronic device, called soft open point, to provide fast voltage regulation. While
providing more flexibility, it adds to the cost of voltage regulation. In [26], a new centralized
technique that can achieve voltage regulation and equal current sharing simultaneously in a DG
network is presented. A coordinated voltage regulation strategy that utilizes both PV smart
inverters and OLTCs is presented in [27]. Nonetheless, the impacts of EV charging demand on
voltage regulation are not encountered in all the above-mentioned methods.
2.3.2 Centralized Voltage Regulation with EVs
Recently, several centralized methods are proposed to allow EV to play a pivotal role in voltage
9

regulation for grid-connected systems. In [28], an optimization method for smart charging of
EVs is proposed to minimize charging costs and eliminate excessive voltage deviations. A
centralized control algorithm for EV charging is proposed in [29] to simultaneously mitigate
thermal and voltage problems in distribution networks. Nonetheless, the voltage regulation
algorithms [28] and [29] did not coordinate DGs with EVs. In [30], the authors presented a
multistage centralized control scheme for droop-controlled islanded microgrids. The scheme
coordinates both DGs and PEVs to regulate voltage and minimizing load shedding and
operation cost. In [14], a centralized voltage regulation algorithm that coordinates DGs and
EVs is proposed, in which, the self-objectives of voltage control devices are satisfied.
Nevertheless, even without independent shortcomings, all centralized approaches require
expensive high-bandwidth communication links which would significantly increase the cost.
Moreover, their high complexity restricts the scalability, and their reliability is vulnerable to
single point failure.

2.4 Distributed Approach
2.4.1 Distributed Voltage Regulation without EVs
The distributed approaches are based on multi-agent systems and graph theory. The traditional
distributed control methods utilize the limited communication links for data exchange between
units to achieve control targets using maximum available facilities [31]. The distributed
approaches are gaining more attention because they offer higher reliability and scalability, and
don’t require expensive communication infrastructure. Although the centralized approach is
superior in performance, the distributed approach could attain satisfactory and robust results
without the need to solve complex optimization implements [32]. In [33], the authors propose
an agent-based algorithm for DGs reactive power dispatch to provide proper voltage regulation
with fewer communication requirements as compared with the centralized approach, eliminates
the need for global communications. In [34], the proposed distributed method dealt with DG10

based voltage regulation for highly-meshed secondary networks─each DG only needs to
communicate with DGs that are in the same subnetwork. In [35]–[38], different agent-based
control among DGs for voltage regulation in grid-connected distribution systems have been
proposed. These strategies mainly rely on the reactive power compensation and/or active power
curtailment of DGs to mitigate voltage violations. Besides maintaining bus voltages within
limits, their objectives also include optimal dispatch of active and/or reactive powers. The
control method in [35] includes two stages which involve local DG reactive compensation, and
distributed DG reactive compensation. The novelty of the proposed scheme is a sensitivity
analysis is conducted to enhance the voltage regulation.
The authors in [36] proposed an agent-based real power capping method to solve overvoltage
caused by PV inverters. It aims at guaranteeing the fair generation of PV systems based on PV
output and generation demand. In [37], a synchronized control scheme is proposed such that
PV inverters control their active and reactive power injections to mitigate overvoltage problems
through consuming reactive power and, if necessary, curtailing active power generation. A
volt/var coordinated control method was proposed in [38] that utilizes the unused reactive
power capacity of the more sensitive distributed energy sources to regulate the voltage at a
critical bus of a radial distribution system during high penetration of real power. Proper voltage
regulation could be achieved without stressing the individual inverter in the system and
avoiding real power production curtailment. In [39], a comprehensive distributed voltage
control relies on the battery energy storage (BES) of a PV system is proposed. Similar to the
algorithm presented in [36], this scheme accomplishes fair support based on battery capability
and state-of-charge (SoC). Nonetheless, all the above strategies didn’t coordinate the DGs or
energy resources with other voltage control devices such as OLTCs.
In [40]–[42], different volt/var control strategies of DGs are proposed, which also includes
coordination with OLTCs. The authors of [40] proposed a typical distributed volt/var control,
11

which relies on a consensus algorithm to coordinate DGs and OLTCs in a distribution system.
In [41], another consensus-based fuzzy control strategy is proposed to regulate voltages in a
high penetration distribution network. The authors of [42] presented an agent-based reactive
management scheme to control the voltage and minimize power losses. The advantage of the
proposed scheme is the implementation of sensitivity analysis for agents. Analogous distributed
control for DGs in ac/dc microgrids is proposed in [43]–[45]. In which [43] introduced a
consensus-based secondary/primary controller to coordinate voltage and active/reactive
powers among DGs inverters in ac microgrids; On the other hand, the proposed distributed
voltage controls in [44] and [45] are targeting at volt/var for dc microgrids. All aforementioned
distributed control strategies didn’t incorporate the effects of EVs in voltage regulation.
2.4.2 Distributed Voltage Regulation with EVs
Through vehicle-to-grid (V2G) and smart charging strategies, EV chargers have been recently
utilized in voltage regulation. The effect of EVs on voltage regulation in ADNs has been
confirmed [46]. In [47], a distributed smart control of EV charging is proposed to shape the
load profile, and thus, mitigating voltage violations. In [48], the authors presented a need-based
coordinated scheme to optimize the utilization of EVs storage distribution with a distributed
algorithm and realize the regulating of ac and dc buses simultaneously. A consensus-based
distributed control strategy is introduced in [49], utilizing EV batteries, to store or redistribute
energy to eliminate voltage deviations. In [50], a V2G voltage control method is introduced
which also takes into account the minimization of social cost; The proposed method also uses
active power trading of EVs in regulating activities. However, involving EV batteries in voltage
regulation could jeopardize their lifetimes and conflicts with the desired state of charges.

2.5 Conclusion
To the best of our knowledge, there is lack of distributed control algorithms that incorporate
EVCSs, PV-DGs, and OLTC in a trinity for voltage regulation while satisfying the agents’ self
12

objectives, i.e., satisfying the desired SOCs by EV owners, minimizing the DG active power
curtailments, and relaxing the tap operation of OLTC. All existing distributed methods either
didn’t involve all three voltage control devices that are mentioned above or didn’t use reactive
power as the priority solution in voltage regulation.
This thesis develops three distributed control algorithms for voltage regulation without risking
the agents’ self objectives. The reactive power is considered as the primary strategy to initially
decrease DG active power curtailment, EV load shedding, and the number of tap operations for
OLTCs. Besides, EVs only contribute reactive power through their interfacing converters, so
the charging efficiency would not be influenced at all. Further, both active and reactive supports
are optimized by novel distributed algorithms to minimize the demand and voltage regulation
cost continuously.
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CHAPTER 3
PRELIMINARY

This chapter reviews background materials about the game theory that is necessary to develop
the proposed distributed control algorithms, including the origin of the idea, graph theory, and
consensus algorithm.

3.1 Origin of Distributed Control
The synchronous motion of animal social groups is one of the most fantastic mysteries in
nature, in which each individual has its specific motion, while the combination of self-motions
makes the whole group performs like a single entity that is governing all individuals. Flocks of
birds and schools of fish are two typical examples of the afore-mentioned synchronous motion.
Actually, in these motions, most individuals or even all individuals sometimes don’t know their
ultimate objective, each individual only makes the decision of its motion based on some few
rules and the motion of its neighbor [51]. For instance, in a bird flock on migration, only the
leader bird knows the location of the destination, but all other birds can reach the destination
by just following the birds in front of them. This phenomenon is one of the most famous origins
of distributed control.

3.2 Multi-agent System (MAS)
3.2.1 Definition
Distributed control relies on two essential factors, which are distribution (MAS) system and
distributed algorithm. From the natural phenomenon, people found that the animal groups with
synchronous motions are original distribution systems, in which all individuals, also named as
agents, can only obtain limited information from their neighbors as the reference to make the
decision. There is nowhere to exchange information globally among the distribution system.
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Even sometimes, the leader knows the ultimate objective of the motion, but it still can only
spread the order to its direct neighbor agents but not all agents in the system [51].
It is also essential and critical to clarify why the individuals in these systems are defined as
“agents” but not “programs” when we call them MAS systems. The definitions of agents and
programs both include “situated within and a part of an environment that senses that
environment and acts on it.” The main difference between agents and programs is that agents’
current actions can affect what it senses in the future, but programs’ current actions would not
[52]. In the proposed control strategy, individuals are coordinated using distributed consensus
algorithms in which all estimations and updatings at current iteration would influence the
results in the next iterations. Therefore, these individuals satisfy the characteristics of agents,
thus, the proposed system can fall under the paradigm of MAS.
3.2.2 Graph Theory
Theoretically, vertices and edges are two basic and necessary components to model a graph
within an MAS. Vertices are regarded as agents that refer to DGs and/or EVCSs in this thesis.
On the other hand, edges are related to communication links between agents. A weighted
directed graph 𝐺 = (Ω, 𝐸, 𝐴) is adopted for data exchange among EVCSs and DGs, in which,
Ω is a set of 𝑁 vertices, and the set of edges is 𝐸 ⊆ Ω × Ω. 𝐴 is the adjacency matrix whose
entries denote the weights of the direct edges (𝑖, 𝑗). The ordered pairs (𝑖, 𝑗) ∈ 𝐸 indicate an
existing directed edge from 𝑖 to 𝑗, which means that agent 𝑗 can receive information from agent
𝑖. The in-neighbors and out-neighbors of the 𝑖 𝑡ℎ agent are denoted by 𝑁𝑖+ = {𝑗 ∈ Ω|(𝑗, 𝑖) ∈ 𝐸}
and 𝑁𝑖− = {𝑗 ∈ Ω|(𝑖, 𝑗) ∈ 𝐸}, respectively. The in-neighbors of an agent are those sending
information to it, while the out-neighbors refer to those receiving information from the agent.
Since any agent can acquire its information, each vertex belongs to both its in-neighbor and
out-neighbor, i.e., 𝑖 ∈ 𝑁𝑖+ and 𝑗 ∈ 𝑁𝑗− . 𝑑𝑖+ and 𝑑𝑖− are the in-degree and out-degree of vertex 𝑖,
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respectively, i.e., 𝑑𝑖+ = |𝑁𝑖+ | and 𝑑𝑖− = |𝑁𝑖− |, where | . | refers to the cardinality of a set. A
strongly connected directed graph exits when 𝑑𝑖+ ≠ 0 and 𝑑𝑖− ≠ 0, indicating the presence of
a path between any pair of two vertices.
It is necessary to implement not the adjacency matrix, but two stochastic matrices 𝑅, 𝐶 ∈ 𝐑𝑁×𝑁
for the data exchange between agents, which are affiliated with a strongly connected graph 𝐺:

𝑟𝑖,𝑗

1
if 𝑗 ∈ 𝑁𝑖+
= {𝑑𝑖+
0 otherwise

∀𝑖, 𝑗 ∈ Ω

(3.1a)

𝑐𝑖,𝑗

1
if 𝑖 ∈ 𝑁𝑗−
= {𝑑𝑗−
0 otherwise

∀𝑖, 𝑗 ∈ Ω

(3.1b)

Stochastic matrices are well-known and developed to express the transitions process of a
Markov Chain. The entries of these matrices are nonnegative real numbers as shown in (3.1a)
and (3.1b), which represent the probability of moving from one node to another in each time
step [53]. When the time goes to infinity, the stochastic matrices will provide features related
to convergence and summation preservation that are required in the proposed algorithms [54];
more details are provided in subsection 5.4.2. It is worth mentioning that the entries of
stochastic matrices are calculated based on the communication topology of the graph, which is
similar to the adjacency matrix. However, the formulation of these two matrices is different.
An example of the communication topology for a distribution system is displayed in Figure
3.1, in which the directions of arrows illustrate those transmitting information. It can be noted
that Agent 1 receives information from Agent 4 and transmit information to Agent 2. Thus,
Agents 4 and 2 are its in-neighbor and out-neighbor, respectively. Likewise, the in-neighbors
of Agent 2 are Agents 1 and 3, and Agent 4 is its out-neighbor.
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1

2

3

4

Figure 3.1. Communication links between four agents.

Based on (3.1a), the row stochastic matrix for the distribution system in Figure 3.1 is given by
1⁄2
0
0
1⁄2
⁄
1⁄3 1 3 1⁄3
0
𝑅=[
]
0
0
1⁄2 1⁄2
1⁄2
0 1⁄2
0

(3.2a)

while the column stochastic matrix can be obtained using equation (3.1b) and is expressed as
1⁄2
0
0
1⁄3
1⁄2 1⁄2 1⁄2
0
𝐶=[
]
⁄3
0
1
⁄
0
1 2
1⁄3
0 1⁄2
0

(3.2b)

For more clarity, we demonstrate a more complex distribution system with five agents in total
and derive its stochastic matrices. A fifth agent is plugged in, whose in-neighbor and outneighbor are Agents 2 and 4, respectively. The layout of the agents’ connections is illustrated
in Figure 3.2. It is worth noting that adding a new agent to the distribution system does not
require changing the control algorithms of the existing agents. This feature is called plug and
play, which allows new agents to corporate with the existing ones in harmony and without any
conflict.
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1

2
5

3

4

Figure 3.2. Communication links between five agents.

Based on Figure 3.2, the stochastic matrices for the presented distribution system can be
calculated using (3.1):
1⁄2
1⁄3
𝑅= 0
0
[ 0

0
0
1⁄3
1⁄3
0
1⁄2
1⁄3
0
1⁄2
0

1 ⁄2
0
1⁄ 2
1⁄ 3
0

0
0
0
1⁄3
1⁄2]

(3.3a)

1⁄2
1⁄2
𝐶= 0
0
[ 0

0
0
1⁄3
1⁄2
0
1⁄2
1⁄3
0
1⁄3
0

1 ⁄3
0
1⁄ 3
1⁄ 3
0

0
0
0
1⁄2
1⁄2]

(3.3b)

The entries’ values of the stochastic matrices will be used in the consensus algorithm, which is
explained in the next section.
The popular graphs that are typically used in the literature are bi-directional, in which an agent
can be both in-neighbor and out-neighbor of its neighbors. This kind of graph is normally faster
in information sharing, while also more expensive because the number of communication links
is doubled, and not as practical as the unidirectional graph implemented in this thesis. Besides,
apart from in situation “one to very many” or sociological areas, using the unidirectional
communication graph assures the robustness of the proposed distributed algorithms [53].
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Nonetheless, the mentioned exceptions are necessary to be considered in the thesis or any other
power distribution systems. Thus, if algorithms work with a unidirectional graph, they should
work with a bi-directional graph, not the other way around. The only difference between
unidirectional and bidirectional graphs is the construction of the stochastic matrices. For
instance, if the graph shown in Figure 3.1 is remodeled as bi-directional, as displayed in Figure
3.3, then its stochastic matrices can be calculated as
1⁄3 1/3
0
1⁄3
⁄
1⁄4 1⁄4 1 4 1/4
𝑅=[
]
1/3 1⁄3 1⁄3
0
1/4 1⁄4 1/4 1⁄4

(3.4a)

1⁄3 1/4
0
1⁄4
1⁄3 1⁄4 1⁄3 1/4
𝐶=[
]
1/4 1⁄3 1⁄4
0
1/3 1⁄4 1/3 1⁄4

(3.4b)

If an algorithm works properly in a relatively less-connected graph, then it must perform better
in a well-connected graph that adopts the same algorithm.

1

2

3

4

Figure 3.3. Bi-directional communication links between four agents.

3.3 Consensus Algorithm
As mentioned in section 3.1, the animal groups provide the prototype of distribution systems.
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Accordingly, the simple rules among all individuals of the group would be the rudiment of the
algorithm. Distributed algorithms run separate parts based on independent processors
simultaneously, and utilizing limited information about what the other parts of the algorithm
are processing. These are also two of the main challenges in successfully developing and
implementing distributed algorithms. Typical problems that solved by distributed algorithms
include consensus, atomic commit, reliable broadcast, and so on. In this thesis, the fundamental
of the strategy is a consensus algorithm. A consensus algorithm is a process used to achieve
agreement on a single variable among all agents in a distribution system. Basic consensus
algorithms include maximum consensus algorithm, minimum consensus algorithm, average
consensus algorithm, leader-follower consensus algorithm, and so on [51]. For maximum,
minimum, and average consensus algorithms, just as their name implies, in which the state
variables would reach the maximum, minimum, and average value among their initial states,
respectively.
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CHAPTER 4
IMPACT OF ELECTRIC VEHICLE CHARGING STATIONS ON VOLTAGE
REGULATION

4.1 System Description
Figure 4.1 displays a 45-bus European distribution grid, which represents the distribution
network being tested for all case studies in this thesis. This network contains two feeders,
serving a mix of regular loads, i.e., residential, commercial, and industrial [55], of which
profiles are displayed in Figure 4.2, encompassing six PV-DGs and three EVCSs whose rated
powers are indicated in Table 4.1.
B16
B21

B23

B20

B18
B19

B22

B15

B17

B11

B10

B14

B12
B13

B9

B1

Feeder B

B8

B2

B3
B4

Grid

OLTC

B5

B7

B6

MV

A14

Feeder A

A13

A1

A2

A4

A3

A12

A5

A7

A9

A6

: PV DG

A11
A10

A8

A15

: EVs Parking Lot

A18

A16
A19 A17

A20
A21

Figure 4.1. The 45-bus distribution system with DGs and EVCSs.

The daily power profiles of PV-DGs and EVCSs are illustrated in Figure 4.3 [14]. The daily
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power profile of EVCSs is constructed based on data provided by Toronto parking authority
(TPA).
Table. 4.1. Labels and rated powers of all agents
UNITS
RATED
POWER(MVA)

DGA10

DGA14

DGA18

DGA21

EVB7

DGB8

EVB16

DGB18

EVB23

4

2.65

10

4

1

2

1.5

0.8

2.5

Figure 4.2. Multiple loads.

Figure 4.3. Outputs of photovoltaic DGs and EVCSs.
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Under the conditions above, the voltage profiles for all buses in the network are displayed in
Figure 4.4, in which overvoltage and undervoltage problems occur simultaneously.

Figure 4.4. Voltages with the influence of DGs & EVCSs.

4.2 Impact of EVCS on Voltage Regulation
With the integration of renewable-based DGs, the power flow in distribution networks becomes
bidirectional, which is the key characteristic of active distribution networks. Consequently, the
voltage trend is no longer descending from the substation to the feeder terminals. The stochastic
nature of renewable-based DGs and EV charging demands complicate the planning problem
and necessitates advanced voltage regulation strategies that operate in real-time and respond to
the rapid changes in the network’s voltage profile. The integration of DGs in distribution
networks triggers overvoltage problems, which have been extensively mitigated in the
literature. On the other hand, the expected high charging demands from EVCSs will cause
undervoltage problems. In order to illustrate the impact of EVCSs on the OLTC operation,
neither DGs nor EVCSs is allowed to participate in voltage regulation. As shown in Figure 4.4,
concurrent overvoltage and undervoltage problems are highly likely to occur because the peak
power demand of EVCSs coincides with a high PV power generation. Due to the stochastic
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nature of PV and EV powers, local estimation of voltage deviations using the line drop
compensator (LDC) of OLTC results in erroneous conclusions. Therefore, the OLTC should
𝑔

𝑔

have access to the grid maximum and minimum voltages, i.e., 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 , as suggested in
[13].
𝑔

𝑔

The primary control objective of the OLTC is to maintain 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 within the upper and
lower standard limits, i.e., 𝑉𝑢𝑝 = 1.05 pu and 𝑉𝑙𝑜𝑤 = 0.95 pu, respectively [56]. Since the
OLTC has a global effect on the bus voltages, it can achieve only one of the following control
𝑔

𝑔

objectives: (i) maintaining 𝑉𝑚𝑎𝑥 at 𝑉𝑢𝑝 , (ii) holding 𝑉𝑚𝑖𝑛 at 𝑉𝑙𝑜𝑤 , or (iii) preserving a unity
average voltage, i.e.,

𝑔
𝑉𝑎𝑣𝑔

𝑔

=

𝑔

𝑉𝑚𝑎𝑥 +𝑉𝑚𝑖𝑛
2

= 1.0 pu. Figure 4.5 demonstrates the ability of the

𝑔

OLTC to hold 𝑉𝑚𝑖𝑛 at 1.05 pu but on the expense of deteriorating the undervoltage caused by
𝑔

the EVCSs. Likewise, when the OLTC mitigates 𝑉𝑚𝑖𝑛 , the overvoltage is worsened as shown
𝑔

in Figure 4.6. Lastly, a trade-off could be researched if the OLTC targets a unity 𝑉𝑎𝑣𝑔 , but
𝑔

𝑔

neither 𝑉𝑚𝑎𝑥 nor 𝑉𝑚𝑖𝑛 will comply with the standard limits as displayed in Figure 4.7. The
OLTC also suffers from excessive tap operation (30 taps/day). This failure happens because
both overvoltage and undervoltage problems take place during the same time interval.
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𝑔

Figure 4.5. OLTC targetting 𝑉𝑚𝑎𝑥 .

𝑔

Figure 4.6. OLTC targetting 𝑉𝑚𝑖𝑛 .

𝑔

Figure 4.7. OLTC targetting 𝑉𝑎𝑣𝑔 .

The above case study illustrates the need for reactive power support from DGs and EVCSs. EV
chargers typically consist of two back-to-back converters: (i) ac/dc grid-side converter, which
maintains a constant dc-link voltage; and (ii) dc/dc battery-side converter, which regulates the
EV charging current [13]. In this thesis, the ac/dc grid-side converter will be utilized in the
voltage regulation because it has the capability of injecting reactive power. Therefore, the
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active power supply to EVs will not be interrupted, and the EV batteries will not be involved
in voltage regulation. This offers two advantages: maximizes the vehicle state-of-charge (SOC)
during the parking period, and keeping the lifetime of EV battery intact.

4.3 Sensitivity Analysis
To guarantee an effective collaboration of all voltage control devices, i.e., DGs and EVCSs,
their voltage supports should be proportional to their sensitivities with respect to the voltage
violation(s). The impetus of sensitivity analysis is that those DGs and EVCCs with higher
sensitivities should exchange more reactive/active power with the network, thus reducing the
total reactive power support and active power curtailment needed for proper voltage regulation.
Furthermore, by allowing DGs and EVCSs to participate in voltage regulation in proportion to
their sensitivities, the most sensitive converter will be less likely to be overloaded. The
sensitivity analysis is based on the following power mismatch equations at bus i [57]:
𝑁

𝑃𝑖 = 𝑉𝑖 ∑ 𝑉𝑗 (𝐺𝑖𝑗 cos 𝛿𝑖𝑗 + 𝐵𝑖𝑗 sin 𝛿𝑖𝑗 )
𝑗=1
𝑁

∀𝑖, 𝑗 ∈ Ω𝐵

(4.1)

𝑄𝑖 = 𝑉𝑖 ∑ 𝑉𝑗 (𝐺𝑖𝑗 𝑠𝑖𝑛 𝛿𝑖𝑗 − 𝐵𝑖𝑗 𝑐𝑜𝑠 𝛿𝑖𝑗 )
{
𝑗=1

where 𝑁 is the number of buses; i and j are indices for system buses, Ω𝐵 is the set of system
buses; 𝑃𝑖 and 𝑄𝑖 refer to the injected active power and reactive power at bus 𝑖, respectively;
𝑉𝑖 and 𝛿𝑖 denote the magnitude and angle of the voltage at bus 𝑖, respectively; 𝛿𝑖𝑗 = 𝛿𝑖 − 𝛿𝑗 ;
𝐺𝑖𝑗 and 𝐵𝑖𝑗 stand for the real and imaginary parts of the element at the 𝑖 𝑡ℎ -row and 𝑗 𝑡ℎ -column
of the bus admittance matrix, 𝐘𝐵𝑈𝑆 , respectively, i.e.,
𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗 = −(𝑔𝑖𝑗 + 𝑗𝑏𝑖𝑗 )

(4.2a)

𝑁

𝐺𝑖𝑖 + 𝑗𝐵𝑖𝑖 = − ∑ (𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗 ) + (𝑔𝑠ℎ,𝑖 + 𝑗𝑏𝑠ℎ,𝑖 )
𝑗=1,𝑗≠𝑖
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(4.2b)

in which, 𝑔𝑖𝑗 and 𝑏𝑖𝑗 are the series conductance and susceptance of the branch connecting bus
i to bus j, respectively; and 𝑔𝑠ℎ,𝑖 and 𝑏𝑠ℎ,𝑖 denote the shunt conductance and suspectance
connected to bus 𝑖, respectively. Using the Newton-Rapson method, the voltage magnitudes
and angles can be updated as given by
𝜕𝑃
∆𝑃
[ ] = − [ 𝜕𝛿
∆𝑄
𝜕𝑄
⏟𝜕𝛿

𝜕𝑃
𝜕𝑉 ] [ ∆𝛿 ]
𝜕𝑄 ∆𝑉⁄𝑉
𝑉
𝜕𝑉
𝑉

(4.3)

𝐉

where ∆𝑃 and ∆𝑄 refer to the mismatch in active and reactive powers, respectively; ∆𝑉 and ∆𝛿
denote the deviations of voltage magnitudes and angles, respectively. The Jacobian matrix 𝐉
can be formulated as
𝜕𝑃
𝐉 = [ 𝜕𝛿
𝜕𝑄
𝜕𝛿

𝜕𝑃
𝜕𝑉 ] = [ 𝐻
𝜕𝑄
𝑀
𝑉
𝜕𝑉
𝑉

𝑁
]
𝐿

(4.4)

The elements of the submatrices 𝑁 and 𝐿 are given by
𝜕𝑃𝑖
𝑉𝑖 𝑉𝑗 (𝐺𝑖𝑗 cos 𝛿𝑖𝑗 + 𝐵𝑖𝑗 sin 𝛿𝑖𝑗 ) 𝑖 ≠ 𝑗
={
𝜕𝑉𝑗
𝑃𝑖 + 𝑉𝑖2 𝐺𝑖𝑖
𝑖=𝑗

(4.5a)

𝜕𝑄𝑖
−𝑉𝑖 𝑉𝑗 (𝐵𝑖𝑗 cos 𝛿𝑖𝑗 − 𝐺𝑖𝑗 sin 𝛿𝑖𝑗 ) 𝑖 ≠ 𝑗
={
𝜕𝑉𝑗
𝑄𝑖 − 𝑉𝑖2 𝐵𝑖𝑖
𝑖=𝑗

(4.5b)

𝑁𝑖𝑗 = 𝑉𝑗

𝐿𝑖𝑗 = 𝑉𝑗

Q
P
Using (4.5a) and (4.5b), the sensitivity factors s(𝑖,𝑗)
and s(𝑖,𝑗)
can be calculated, as follows:

1

P
s𝑖,𝑗

𝜕𝑉𝑗
1
=
⁄𝑉𝑗 =
=
𝜕𝑃𝑖
𝑁𝑖𝑗

𝑖≠𝑗
𝑉𝑖 𝑉𝑗 (𝐺𝑖𝑗 cos 𝛿𝑖𝑗 + 𝐵𝑖𝑗 sin 𝛿𝑖𝑗 )
1
𝑖=𝑗
2
{𝑃𝑖 + 𝑉𝑖 𝐺𝑖𝑖

(4.6a)

1

Q
s𝑖,𝑗

𝑖≠𝑗
𝜕𝑉𝑗
1
−𝑉𝑖 𝑉𝑗 (𝐵𝑖𝑗 cos 𝛿𝑖𝑗 − 𝐺𝑖𝑗 sin 𝛿𝑖𝑗 )
=
⁄𝑉 =
=
1
𝜕𝑄𝑖 𝑗 𝐿𝑖𝑗
𝑖=𝑗
2
{ 𝑄𝑖 − 𝑉𝑖 𝐵𝑖𝑖

(4.6b)

Q
P
s𝑖,𝑗
and s𝑖,𝑗
reflect the effect of active/reactive power injection at bus i on the normalized
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voltage change at bus j. The sensitivity analysis was conducted on the test network in Figure
Q
P
4.1 at all operating points indicated by the daily power profiles in Figure 4.2. s𝑖,𝑗
and s𝑖,𝑗
were

found to remain almost constant with a deviation of 0.5% from their average values. Therefore,
Q
P
s𝑖,𝑗
and s𝑖,𝑗
are assumed to be constant when embedded in the proposed distributed control

algorithm, which is detailed in Chapter 4.
Q
Figure 4.8 displays s𝑖,𝑗
for the voltage violations occurring at Buses A14, A18, and B23. Since
Q
there are two voltage violations on Feeder A, each two values of s𝑖,𝑗
are calculated for DGA10,
Q
DGA14, DGA18, and DGA21, respectively. Instead, a single value of s𝑖,𝑗
is calculated for

agents on Feeder B to accommodate the undervoltage at Bus 45. The voltage control devices
connected on Feeder A do not support the voltage of Feeder B, and vice versa, because the
power flow solution for the buses on Feeder A is decoupled from that for Feeder-B buses.
Q
Therefore, s𝑖,𝑗
is zero for voltage control devices on Feeder A, when targeting a voltage

violation on Feeder B, and vice versa. It worth to mention that, the highest priority is given to
supplying the EVCS demand, therefore, EVCS load shedding is avoided. Figure 4.9 only
P
demonstrates s𝑖,𝑗
for DGs, because only DGs are allowed to curtail their active power to fix

overvoltage problems but not EVCSs.
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Figure 4.8. Sensitivities of DGs & EVCSs for reactive compensation.

Figure 4.9. Sensitivities of DGs for active curtailment.

There are some preliminaries that are essential for the successful modeling of the system and
running of the control algorithms. Based on (4.6a) and (4.6b), it can be acknowledged that the
injection or absorption of reactive power either by DGs or by EVCSs is sensitive and only
sensitive for all buses located at the same feeder, their sensitivities to buses on other feeders
are ignorable. This means when DGs and EVCSs are activated for reactive power exchanging,
they can influence voltage magnitudes for all buses on the same feeder. Thus, within one feeder,
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targeting the bus with extremum value and remove its voltage deviation, then all other buses
would be called back to the standard interval as well. It is confirmed that within a specific
feeder, overvoltage and undervolted problems could not occur simultaneously. Further, as
proved in [58], the maximum voltage happens only at DG buses, while minimum voltage
predominantly occurs at feeder terminals.
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CHAPTER 5
SENSITIVITY-BASED REACTIVE POWER CONTROL

5.1 Introduction
The main body of the proposed voltage control strategy is the sensitivity-based reactive power
compensation (SQC). Besides, this procedure is always the primary solution in the whole
strategy if any voltage violation occurs. It utilizes the reactive exchanging capability of PV
converters to regulate voltage for the whole active distribution system. As mentioned in Section
4.2, similar to active power, the exchanging of reactive power with the grid also able to
influence voltages of specific buses. PV converter can inject reactive power to the grid to
mitigate undervoltage and absorb reactive power for the grid to eliminate overvoltage. Since
reactive power doesn’t have a direct impact on useful energy flow, the SQC can be thought of
as the utilization of surplus resources to solve critical problems. Therefore, the advantages of
dealing with reactive power in first priority are (i) it can subtract the demand of curtailed active
power and/or electric vehicles (EVs) load shedding thus enhance generation and EVs charging
quality, and (ii) it is beneficial for relieving the stress of on-load tap changer (OLTC) and then
extend OLTC life expectancy.
While even reactive power can be thought of as a valueless resource which only effective in
regulation in general opinion, it is still necessary to build an optimization model of dispatch
for it instead of using it efficiently. Based on the sensitivity feature of reactive power, i.e., in
section 4.2, all DGs or EVCSs have different regulation effects on a specific voltage problem
due to their locations. Thus, reactive power should be dispatched based on the sensitivity
analysis to guarantee effective regulation. Besides, reactive power is limited. That highlights
the importance of optimal reactive power dispatch. The second main reason for optimal
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dispatching is minimizing the total demand for reactive power, which can reduce the system
losses and relieve stress from power electronic converters. In this chapter, two distributed
control algorithms are proposed, namely, extremum voltage estimation (DEVE) and SQC, and
explained in detail.

5.2 Communication Topology Modeling
Since the proposed voltage control strategy is multi-stage, and consensus algorithms would be
involved in extremum voltage estimation, reactive power control, active power curtailment.
Tap-changing control is activated at the last stage to minimize unnecessary tap operation and
guarantee proper voltage regulation. Before explaining the proposed strategy, it is necessary to
define different sets associated with the distributed control algorithms and the network
variables.
As shown in Figure 4.1, generally, three types of devices are capable of performing agents in
a distribution system due to their abilities to measure and exchange relevant information, i.e.,
voltage magnitude. Ω is an overall set of all agents including DGs, EVCSs, OLTC, and remote
terminal units (RTUs), which normally installed at feeder terminals to measure voltages. Ωq
indicates a set of control devices that combines DGs and EVCSs responsible for reactive power
compensation. Accordingly, Ωp is a set comprising DG agents, which participate in active
power curtailment. Ω∗ denotes a set that combines DG agents and RTUs (which are installed
at the feeder terminals to estimate extremum voltages). Also, it is worthy to note that OLTC is
a distinct agent that only needs to receive information and does not need to share information
with other agents.
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RTU
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Figure 5.1. Sets of agents in a generic distribution system.

Nevertheless, specific to the test distribution network in Figure 4.1, the condition has some
minor differences, as shown in Figure 5.2. It can be noticed that in the proposed distribution
system all feeder terminals have been connected with DGs or EVCSs, which means there is no
need for extra RTUs for voltage measuring; Thus, instead of representing DGs and RTUs
connected buses, Ω∗ denotes the set of DGs and EVCSs connected buses as displayed in Figure
4.1, but it is still not reasonable to be merged into Ωq because it represents relative buses but
not control devices themselves.
Further, all consensus algorithms in this strategy are implemented at every time interval 𝑡 ∈
Ω𝑡 , where Ω𝑡 is a set of time intervals, covering the 24 hours of the day with a step time ∆𝑡 =
10 min.
The initialization and main part of the voltage control strategy, which are distributed estimation
of extremum voltage (DEVE), and sensitivity-based reactive power compensation (SQC) are
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proposed in sections 5.4 and 5.5, respectively.
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Bus
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RTU
1

RTU
2

OLTC

Figure 5.2. Sets of agents in the test distribution network.

Since there is an EVCS at the terminal of each feeder, there is no need to install RTUs, and
thus, the previously explained sets are updated as in Figure 5.2. In this case, extremum voltages
should exist at DG and EVCS buses. The communication topology of agents in the proposed
test distribution network is illustrated in Figure 5.3, in which red lines represent links connected
with OLTC. It doesn’t actually matter which agent is linked to the OLTC because, after the
convergence, all agents should reach the consensus about the values of extremum voltages, i.e.,
all the information the OLTC requires to operate.
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Figure 5.3. Communication layout in the proposed distribution system.

5.3 Distributed Extremum Voltages Estimation (DEVE)
Maximum and minimum consensus algorithms are implemented widely in cooperative control
in power system fields, of which objective is making the variable values reach an extremum
value among the initial states of all agents. A simple example of extremum consensus
algorithms is presented below for a more clear explanation, which includes four bus agents in
total, and the communication topology is the same as that illustrated in Figure 3.3. The target
variable for consensus is the bus voltage. The converge result is displayed in Figure 5.4.

Figure 5.4. Maximum consensus algorithm.
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It can be noticed that bus 4 has the maximum voltage throughout the system which is 1.07 pu
based on the initial state. Thus, all other buses seek to reach consensus with it, and finally, all
buses agreed that 1.07 is their maximum value within three iterations. Similarly, all agents
converge to the minimum bus voltage (i.e., 1.04 pu and is associated with bus 1) after the
running of the minimum consensus algorithm, as illustrated in Figure 5.5.

Figure 5.5. Minimum consensus algorithm.

The max/min consensus algorithms are perfectly suitable for the objective here. Since the
proposed voltage control strategy aims at mitigating voltage violations in the distribution
𝑔

𝑔

system in each time interval and maintaining the grid extremum voltages 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 within
the standard limits can guarantee proper voltage regulation for the whole network. It is
reasonable to make the whole strategy be initialized by extremum voltages obtained at each
time interval. To achieve this goal, the extremum value among all voltages should be known
throughout the system. In [58], a distributed estimation method was developed to estimate the
grid extremum voltages based on exchanging measurements between DGs and RTUs installed
𝑔

𝑔

at the feeder terminals. This method offers the advantage of attaining 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 without
the need to run a power flow algorithm or measuring the voltage at every bus in the
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𝑔

𝑔

corresponded network. It works based on the proof that 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 most likely takes place
at DG buses and feeder terminals, respectively.
Since the proposed distributed SQC control algorithms—that are detailed in the next
subsection—dispatch reactive powers based on the agents’ sensitivities to violation(s), besides
voltage magnitudes, the bus locations of the grid extremum voltages also should be obtained
in a distributed way. Therefore, the method in [58] is extended by the proposed DEVE
algorithm by exchanging the bus index 𝑏 ∈ Ω∗ = {𝑏̅, 𝑏} that indicates the location at which a
𝑔
𝑔
grid extremum voltage 𝑉𝑏 occurs, where 𝑉𝑏 ∈ {𝑉𝑚𝑎𝑥 , 𝑉𝑚𝑖𝑛 }, 𝑏̅ and 𝑏 are corresponded bus
𝑔

𝑔

numbers for 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 , respectively. The proposed DEVE algorithm is based on
maximum/minimum consensus theory, which was introduced in Section 5.2, steps of it are
developed in Algorithm 1 below to estimate 𝑉𝑏 and its bus 𝑏.
Algorithm 1 Distributed Extremum Voltages Estimation (DEVE)
% Initialization ∀𝑖 ∈ Ω
𝑔
𝑔
1: 𝑉𝑚𝑎𝑥,𝑖
(0) = 𝑉𝑖 and 𝑉𝑚𝑖𝑛,𝑖
(0) = 𝑉𝑖
𝑏̅𝑖 (0) = 𝑖 and 𝑏𝑖 (0) = 𝑖
2: 𝑘 = 1
% Max-consensus algorithm ∀𝑖 ∈ Ω∗
3: while (𝑉 𝑔 (𝑘 + 1) ≠ 𝑉 𝑔 (𝑘)) || (𝑏̅ (𝑘 + 1) ≠ 𝑏̅ (𝑘))
𝑖
𝑖
𝑚𝑎𝑥,𝑖
𝑚𝑎𝑥,𝑖
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:

𝑔
𝑔
𝑉𝑚𝑎𝑥,𝑖 (𝑘 + 1) = max{𝑉𝑚𝑎𝑥,𝑗 (𝑘)| 𝑗 ∈ 𝑁𝑖+ }
𝑔
𝑏̅𝑖 (𝑘 + 1) = 𝑏̅𝑗 (𝑘)
satisfying
𝑉𝑚𝑎𝑥,𝑖 (𝑘 + 1) =
𝑔
𝑉𝑚𝑎𝑥,𝑗 (𝑘), 𝑗 ∈
𝑁𝑖+ .
𝑘 =𝑘+1
end while
𝑔
𝑔
𝑉𝑚𝑎𝑥,𝑖 = 𝑉𝑚𝑎𝑥,𝑖 (end) and 𝑏̅𝑖 = 𝑏̅𝑖 (end)
% Min-consensus algorithm ∀𝑖 ∈ Ω − Ω∗
𝑔
𝑔
while (𝑉𝑚𝑖𝑛,𝑖 (𝑘 + 1) ≠ 𝑉𝑚𝑖𝑛,𝑖 (𝑘)) || (𝑏𝑖 (𝑘 + 1) ≠ 𝑏𝑖 (𝑘))
𝑔

𝑔

𝑉𝑚𝑖𝑛,𝑖 (𝑘 + 1) = min{𝑉𝑚𝑖𝑛,𝑗 (𝑘)| 𝑗 ∈ 𝑁𝑥+ }
𝑔
𝑔
𝑏𝑖 (𝑘 + 1) = 𝑏𝑗 (𝑘) satisfying 𝑉𝑚𝑖𝑛,𝑖 (𝑘 + 1) = 𝑉𝑚𝑖𝑛,𝑗 (𝑘), 𝑗 ∈
𝑁𝑖+ .
𝑘 =𝑘+1
end while
𝑔
𝑔
𝑉𝑚𝑖𝑛,𝑖 = 𝑉𝑚𝑖𝑛,𝑖 (end) and 𝑏𝑖 = 𝑏𝑖 (end)
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Since the proposed DEVE algorithm itself is the initialization step of the whole voltage control
strategy, so it needs to be activated in every time index without any constraints. At the
beginning of every time index, all agents measure their local voltages, uploading them with
their corresponded bus locations. Then they would share their voltage values locations with
their neighbors. All agents would keep updating their information to the maximum/minimum
voltage values and the corresponded bus locations among those they obtained from their
neighbors most recently. The converge process can be thought of as broadcasting in which the
overall extremum voltage would spread to all agents at the end. Once the information in all
agents stops changing, that indicates the consensus of extremum voltages has been achieved.
Hence, all agents would pick the voltage values and bus locations in the last iteration of the
convergence process.
To test the performance of the DEVE, a case study is conducted on the 45-bus network to
𝑔

𝑔

estimate 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 and their buses at 12:00 PM. Figures 5.6─5.9 display the agents’
estimated

𝑔

𝑉𝑚𝑎𝑥

and

𝑔

𝑉𝑚𝑖𝑛

and

Figure 5.6. Consensus of maximum voltage value.
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their

associated

buses.

Figure 5.7. Consensus of maximum voltage location.

Figure 5.8. Consensus of minimum voltage value.
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Figure 5.9. Consensus of minimum voltage location.

Successfully, the max-consensus algorithm converged after four iterations while the minconsensus algorithm took five iterations to converge. After that, the SQC can be initialized
based on the results provided by the DEVE.

5.4 Sensitivity-based Reactive Power Compensation (SQC)
5.4.1 Optimal Dispatching of Reactive Power
The proposed consensus algorithm focuses on eliminating any undervalue and/or overvoltage
by stimulating reactive power injection from the DGs and EVCSs in a distribution system. To
reduce the electrical stresses and to enhance the system overall stability, the algorithm proposes
minimizing, whilst distributing among the entire DGs and EVCSs, the total injected reactive
power to reduce system loss and converter duty. Accordingly, the SQC algorithm was tailored
to solve for the following optimization problem:

min
𝛾

1
∑ (∆𝑄𝑖 )2
2 𝑞
𝑖∈Ω

subject to
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(5.1)

𝑉 𝑙𝑜𝑤 ≤ 𝑉𝑏 ≤ 𝑉 𝑢𝑝

∀𝑏 ∈ Ω∗

(5.2)

where ∆𝑄𝑖 denotes the reactive power from agent i to compensate a specific voltage violation
Q

∆𝑉𝑏

happens at the target bus b, which is given by
Q
∆𝑉𝑏

𝑉𝑏 − 𝑉 𝑢𝑝
= {𝑉 𝑙𝑜𝑤 − 𝑉𝑏
0

𝑉𝑏 > 𝑉 𝑢𝑝
𝑉𝑏 < 𝑉 𝑙𝑜𝑤
otherwise

(5.3)

where 𝑉𝑏 is the extremum voltage magnitude obtained from DEVE; 𝑉 𝑢𝑝 and 𝑉 𝑙𝑜𝑤 are the upper
and lower standard voltage limits that equal to 1.05 p.u. and 0.95 p.u., respectively.
It can be noticed that in the idea of the proposed SQC, all agents can only responsible for one
voltage violation at the same time, but it is still completely capable to deal with all problems.
To discuss the reason, the sensitivity and load flow features are needed to be incorporated.
Throughout the whole distribution system, there are at most two voltage violations that need to
𝑔

𝑔

be compensated during any time interval 𝑡, which are 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 ; Besides, these two
violations would not occur in the same feeder because overvoltage and undervolted could not
happen in the same feeder simultaneously; Further, due to the zero sensitivities of agents with
respect to violations on other feeders, they would not actually be involved any reactive
dispatches even attending information sharing all over the system. Therefore overall, all DGs
and /or EVCSs only need to serve the extremum voltage bus in the same feeder, ∆𝑉𝑏Q would
only refer to one bus anytime, and there is a need to worry about target confliction.
Since the proposed consensus algorithm is fired only when ∆𝑉𝑏Q exists, (5.1) could be replaced
with a binding constraint, i.e.,
Q

Q

∆𝑉𝑏 = ∑ s⏟(𝑖,𝑏) ∆𝑄𝑖
𝑖∈Ω𝑞

∀𝑏 ∈ Ω∗

(5.4)

Q

∆𝑉(𝑖,𝑏)

Q
where s(𝑖,𝑏)
indicates the sensitivity factor of agent i regards to target b in SQC which was
Q

introduced in sub-section 4.2.1; ∆𝑉(𝑖,𝑏) is the voltage compensation from agent i that is
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proportional to the exchanged reactive power ∆𝑄𝑖 .
Without losing generality, the objective function in (5.1) with considering the constraint of
(5.4) could be reformulated using the following Lagrangian function:

𝐿(∆𝑄𝑖 , 𝜆𝑞 ) =

1
Q
Q
∑ (∆𝑄𝑖 )2 + 𝜆𝑞 (∆𝑉𝑏 − ∑ s(𝑖,𝑏) ∆𝑄𝑖 )
2 𝑞
𝑞
𝑖∈Ω

(5.5)

𝑖∈Ω

where 𝜆𝑞 is the Lagrangian multiplier for the SQC. A necessary optimally condition for
minimizing (5.5) is
∇𝐿∆𝑄𝑖 = 0

(5.6)

∆𝑄𝑖∗

(5.7)

that leads to
𝜆∗𝑞 =

𝑄
𝑠(𝑖,𝑏)

∀𝑖 ∈ Ω𝑞

∗
where 𝜆∗𝑞 denotes the optimal incremental Q-sharing factor, and ∆𝑄(𝑖,𝑏)
is the optimal reactive

power from agent i to support bus b. The optimality condition in (5.7) implies that all agents
should exchange reactive in proportion to their sensitivities. Substituting for ∆𝑄(𝑖,𝑏) in (5.4)
using (5.7), 𝜆∗𝑞 can be obtained by
Q

𝜆∗𝑞

=

∆𝑉𝑏

Q
∑𝑖∈Ω𝑞 (s(𝑖,𝑏)
)

2

(5.8)

To make the meaning of 𝜆∗𝑞 clearer, it is derived in a centralized manner first. Based on (5.4),
Q
each agent would have their own contributions ∆𝑉(𝑖,𝑏)
to compensate ∆𝑉𝑏Q , and two

relationships can be obtained in this equation: i) the relationship between total desired voltage
deviation and agent self-contributions, and ii) the relationship between agent self-contributions
and their corresponding sensitivities. The two relationships can be written as:
Q
∆𝑉𝑏Q = ∑ ∆𝑉(𝑖,𝑏)

∀𝑏 ∈ Ω∗

(5.9a)

𝑖∈Ω𝑞
Q
Q
∆𝑉(𝑖,𝑏)
= s(𝑖,𝑏)
∆𝑄𝑖
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(5.9b)

To realize proportional reactive support among all agents, it is also necessary to apply a ratio
Q
𝜆𝑞,𝑖 between ∆𝑄𝑖 and s(𝑖,𝑏)
, which can be defined as:
Q
∆𝑄𝑖 = 𝜆𝑞,𝑖 s(𝑖,𝑏)

(5.10)

because the meaning of proportional here is all agents should exchange reactive power in same
proportion with their sensitivities to achieve optimal dispatch, which leads
𝜆𝑞,𝑖 = 𝜆∗𝑞

∀𝑖 ∈ Ω𝑞

(5.11)

By incorporating (5.9a) with (5.9b) -(5.11) one by one, we can obtain
2

Q
∆𝑉𝑏Q = ∑ 𝜆∗𝑞 (s(𝑖,𝑏)
)

(5.12)

𝑖∈Ω𝑞

and finally, get the exact same result as (5.8).
It can be observed that the above theory assumes all agents operating at equal 𝜆∗𝑞 at the
Q
beginning, which requires access to the sensitivity factors of other agents, i.e., s(𝑖,𝑏)
. That can

be done in a centralized manner because a centralized controller receives information from all
agents. However, in a distributed manner, each agent only has access to its sensitivity factor
and those of their neighbors. Thus, it needs the applying of a consensus algorithm—that relies
on exchanging the agent’s estimated value of the optimal incremental ∆𝑄-sharing factor 𝜆𝑞,𝑖
and allows all of them to converge to 𝜆∗𝑞 to achieve, after convergence, the optimal solution.
More details about it would be discussed in the following subsections.
5.4.2 Consensus Theory of SQC
This section is a preliminary of the proposed SQC algorithm. Before introducing the main part
of the SQC algorithm, it is necessary to present two discrete-time systems which can be
modeled as
𝜑𝑖 (𝑘 + 1) = ∑ 𝑟𝑖,𝑗 𝜑𝑗 (𝑘)
𝑗∈𝑁𝑖+
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(5.13a)

𝜑𝑖′ (𝑘 + 1) = ∑ 𝑐𝑖,𝑗 𝜑𝑗′ (𝑘)

(5.13b)

𝑗∈𝑁𝑖+

where 𝜑𝑖 and 𝜑𝑖′ are state variables related to agent i at iteration k; 𝑟𝑖,𝑗 and 𝑐𝑖,𝑗 refer to elements
in row stochastic and column stochastic matrices respectively, which was presented in Section
3.1. Two features can be derived for the systems in (5.13a) and (5.13b), [54]: (i) lim 𝜑𝑖 (𝑘) =
k→∞

∑𝑗∈𝑁+ 𝓌𝑗 𝜑𝑗 (0), and (ii) lim 𝜑𝑖′ (𝑘) = 𝜇𝑖 ∑𝑖∈𝑁+ 𝜑𝑖′ (0), ∀𝑘. Given that 𝓌𝑗 , 𝜇𝑖 > 0, 𝟏𝑇 𝔀 =
𝑖

𝑖

k→∞

𝟏𝑇 𝝁 = 1, where 𝟏 denotes a vector of length 𝑁 with unity elements, 𝔀 and 𝝁 are column stack
vectors of 𝓌𝑗 and 𝜇𝑖 , respectively.
The system in (5.13a) is the renowned consensus algorithm, in which, all state variables
converge to a common value that depends on their initial values and the graph topology. On
the other hand, the summation of all state variables in (5.13b) is preserved and remains
constant. These two interesting features can be the fundamental of the proposed optimal
consensus algorithm for SQC.
5.4.3 Main Functions of SQC
In this section we are ready to introduce the main functions of SQC, which is the core part of
our voltage control strategy. The main functions can be written as
𝑄

𝑄

𝜆𝑞,𝑖 (𝑘 + 1) = ∑ 𝑟𝑖,𝑗 𝜆𝑞,𝑗 (𝑘) + 𝜖𝑚𝑖,𝑏 (𝑘)
𝑗∈𝑁𝑖+

∆𝑄𝑖,𝑏 (𝑘 + 1) = 𝜆𝑞,𝑖 (𝑘 + 1)sQ𝑖,𝑏
𝑄
(𝑘
𝑚𝑖,𝑏

{

+ 1) = ∑

𝑄
Q
(𝑘) − sQ𝑖,𝑏 [∆𝑄𝑖,𝑏 (𝑘
𝑐𝑖,𝑗
𝑚𝑗,𝑏

∀𝑖 ∈ Ωq , 𝑏 ∈ Ω∗

(5.14)

+ 1) − ∆𝑄𝑖,𝑏 (𝑘)]

𝑗∈𝑁𝑖+

𝑄
in which 𝑚𝑖,𝑏
represents the mismatch between the required reactive power for voltage
Q
Q
regulation and the total reactive power support by the agents; 𝑟𝑖,𝑗
and 𝑐𝑖,𝑗
refer to the stochastic

matrices for the SQC; and 𝜖 is a sufficiently small positive constant to ensure the convergence.
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The initial values of 𝜆𝑞,𝑖 and ∆𝑄𝑖,𝑏 can be any fixed admissible value. It is reasonable to use
the converged values during the precedent time interval 𝑡 − 1 to initialize 𝜆𝑞,𝑖 and ∆𝑄𝑖,𝑏 at the
beginning of the time interval 𝑡. Thus, the algorithm in (5.14) is initialized using
𝜆𝑞,𝑖 (0) = 𝜆∗𝑞,𝑡−1
∆𝑄𝑖,𝑏 (0) = 0
𝑄
(0) =
𝑚𝑖,𝑏

{

∆𝑉𝑏Q

(5.15)

q Q
|Ω
⏟ |s𝑖,𝑏
∆𝑄𝑒𝑣

where ∆𝑄𝑒𝑣 is the agent’s incremental reactive power considering equal sharing of the total
required reactive power. At the end of every time interval 𝑡 ∈ Ω𝑡 , all the variables will converge
to their optimal values, i.e.,
𝑄
∗
(𝑘) → 0
𝜆𝑞,𝑖 (𝑘) → 𝜆∗𝑞 , ∆𝑄𝑖,𝑏 (𝑘) → ∆𝑄𝑖,𝑏
, 𝑚𝑖,𝑏
q

(5.16)

∗

as 𝑘 → ∞, ∀𝑖 ∈ Ω , 𝑏 ∈ Ω .

5.4.4 Proof of Convergence
The convergence characteristics of the proposed algorithm can be proved by eigenvalue
perturbation approach [54]. First of all, the main functions of the algorithm can be reformulated
in a matrices-form as
𝝀(𝑘 + 1) = 𝑅𝝀(𝑘) + 𝜖𝑴(𝑘)
𝑫𝑸(𝑘 + 1) = 𝑺𝝀(𝑘)
{
𝑴(𝑘 + 1) = 𝐶𝑴(𝑘) − 𝑺[𝑫𝑸(𝑘 + 1) − 𝑫𝑸(𝑘)]

(5.17)

𝑄
where 𝝀, 𝑫𝑸, and 𝑴 refer to the column stack vectors of 𝜆𝑞,𝑖 , ∆𝑄𝑖,𝑏 , and 𝑚𝑖,𝑏
respectively, and

𝑺 = 𝑑𝑖𝑎𝑔([sQ1,𝑏 , sQ2,𝑏 , … , sQ𝑖,𝑏 ]). If pre-multiply both sides of the third line of (5.17), we can get
𝟏𝑇 𝑴(𝑘 + 1) = 𝟏𝑇 𝐶𝑴(𝑘) − 𝟏𝑇 𝑺[𝑫𝑸(𝑘 + 1) − 𝑫𝑸(𝑘)] = 𝟏𝑇 𝑴(𝑘) − 𝟏𝑇 𝑺[𝑫𝑸(𝑘 + 1) −
𝑫𝑸(𝑘)], because 𝐶 is column stochastic. Then 𝟏𝑇 [𝑴(𝑘 + 1) + 𝑺𝑫𝑸(𝑘 + 1)] = 𝟏𝑇 [𝑴(𝑘) +
𝑺𝑫𝑸(𝑘)], which means 𝟏𝑇 [𝑴(𝑘) + 𝑺𝑫𝑸(𝑘)] is constant for all 𝑘. It is also noticeable through
Q
(5.15) that ∑𝑖∈Ω𝑞 𝑚𝑄𝑖,𝑏 (0) + sQ𝑖,𝑏 ∆𝑄𝑖,𝑏 (0) = ∆𝑉𝑏 . Hence, the actual mismatch is between the
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desired total voltage deviation and the summation of agent voltage deviation contributions.
Substituting 𝑫𝑸 in the third line of (5.17) with 𝝀 by using the first two lines of (5.17), it can
be transformed into
𝑴(𝑘 + 1) = (𝑪 − 𝜖𝑺2 )𝑴(𝑘) + 𝑺2 (𝐼 − 𝑹)𝝀(𝑘)

(5.18)

in which 𝐼 is the identity matrix with an appropriate dimension.
Combine the first line of (5.17) with (5.18), a new obtained composite system can be expressed
as

[

Define 𝐴 ≜ [

𝑺

𝑅
𝜖𝐼
𝝀(𝑘 + 1)
𝝀(𝑘)
]=[ 2
][
]
𝑺 (𝐼 − 𝑅) 𝐶 − 𝜖𝑺2 𝑴(𝑘)
𝑴(𝑘 + 1)

𝑅
0
0
] and ∆≜ [
− 𝑅) 𝐶
0

2 (𝐼

(5.19)

𝐼
].
−𝑺2

𝐴 is perturbed by 𝜖∆ in the system matrix of (5.19), it can be regarded as a lower block
triangular matrix of which eigenvalues are the union of the eigenvalues of 𝑅 and 𝐶. It can be
derived that two eigenvalues of 𝐴 are equal to 1, i.e., 𝜃1 = 𝜃2 = 1, and the other eigenvalues
lies in the open unit disk on the complex plane. Vectors and can be constructed as
𝑈 = [𝐮1 , 𝐮2 ] = [

0
1
]
𝝁 −𝜂𝝁

(5.20)

in which 𝜂 = ∑𝑖∈Ω𝑞(𝑆𝑖 )2 , and
𝑇 2
𝐯𝑇
𝑉 𝑇 = [ 1𝑇 ] = [𝟏 𝑆𝑇
𝝎
𝐯2

1𝑇 ]
0𝑇

(5.21)

in which 𝑉 𝑇 𝑈 = 𝐼; 𝐯1𝑇 and 𝐯2𝑇 denotes the two linearly independent left and right eigenvectors
of 𝐴.
If 𝜖 is small enough, then the eigenvalues of 𝑉 𝑇 ∆𝑈 can quantify the variations of 𝜃1 and 𝜃2
perturbed by 𝜖∆, and can be written as
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𝑉 𝑇 ∆𝑈 = [

0
0
]
𝝎𝑇 𝝁 −𝜂𝝎𝑇 𝝁

(5.22)

It can be proved that (𝑑𝜃1 )⁄(𝑑𝜖) = 0 and (𝑑𝜃2 )⁄(𝑑𝜖) < 0 because they are equal to the
eigenvalues of 𝑉 𝑇 ∆𝑈 which are 0 and −𝜂𝝎𝑇 𝝁 respectively, and −𝜂𝝎𝑇 𝝁 < 0. It can be realized
that 𝜃1 will not change against 𝜖 and 𝜃2 is inversely related to 𝜖 when 𝜖 > 0. Thus, 𝛿1 can be
an upper bound of 𝜖 which satisfy when 𝜖 < 𝛿1 , |𝜃2 | < 1. Besides, all other eigenvalues of
𝐴 + 𝜖∆ continuously depend on 𝜖 because eigenvalues should continuously depend on the
entries of a matrix. Hence, there exist another upper bound 𝛿2 which satisfy when 𝜖 < 𝛿2 ,
|𝜃𝑗 | < 1,𝑗 = 3,4, … 2𝑁. Therefore, if 𝜖 < min(𝛿1 , 𝛿2 ), 𝜃1 = 1 is guaranteed to be simple and
1
all other eigenvalues stay in the open unit disk, also due to the verification that [ ] is the
0
eigenvector of system matrix in (5.17) associated with this condition, Thus:

[

𝝀(𝑘)
1
𝑄
(𝑘) converge to a
] converges to 𝑠𝑝𝑎𝑛 [ ] as 𝑘 → ∞, which means 𝜆𝑞,𝑖 (𝑘) and 𝑚𝑖,𝑏
𝑴(𝑘)
0

common value and 0 respectively. Furthermore, from the third line of (5.17), it can be derived
that 1𝑇 𝑺(𝑫𝑸(𝑘)) = ∆𝑉𝑏Q , i.e., the binding demand constraint (5.12) is satisfied.
The ultimate version of the SQC should also include the limit and resetting of reactive power
which would be introduced in detail in sub-sections 5.4.6 and 5.4.7.

5.5 Performance Evaluation of SQC
The performance of the proposed distributed algorithms is assessed at different scenarios of
the test system in Figure 4.1, considering the daily power profiles displayed in Figure 4.2. As
demonstrated in Figure 4.4, the extremum voltage violations occur as follows. (i) Around noon,
𝑔

𝑔

𝑔

𝑉𝑚𝑎𝑥 arises at bus A18 while 𝑉𝑚𝑖𝑛 occurs at bus B23. (ii) Around 8:00 PM, 𝑉𝑚𝑖𝑛 occurs again
at bus A14. These voltage violations are detected using DEVE which is proposed in Section
5.3.
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The ability of the proposed SQC to handle voltage violations is tested without the limit or
resetting of reactive power when the power factor is equal to 1 initially. As depicted in Figure
5.10, proper voltage regulation could be achieved using the SQC when the reactive power
limits are ignored, all voltages were maintained between 0.95 pu and 1.05 pu.

Figure 5.10. Response of SQC without resetting or limit.

Figure 5.11 displays the agents’ exchanged reactive powers within 24 hours. It is noteworthy
that the EVCSs injected the displayed reactive powers to fix the undervoltage problem whereas
PV-DGs absorbed corresponded amounts of reactive powers to mitigate the overvoltage. Thus,
it can be observed that within the time interval before 9 AM, the reactive contributions of all
agents remain at zero because there is no voltage violation happened during that time. After
that, as mentioned before, both an overvoltage and an undervoltage would occur around noon
in feeder A and feeder B respectively. Hence, at the same time, it is noticeable that the first
four agents, which are located on Feeder A, started to apply negative contributions of reactive
power. On another hand, the remaining five agents which are responsible for the violation in
Feeder B are performing a positive reactive contribution during the time interval of the
undervoltage. Then, another undervoltage problem happened at Feeder A around 8 PM, it can
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be realized that the four agents on Feeder A were activated again and did positive reactive
power injection. Besides, it is worthy of knowing that the signal of the derivative of reactive
power is the factor to decide the voltage shifting, but not the amount of reactive power itself.
Therefore, as shown in Figure 5.11, the total reactive powers of two agents are still negative at
the end of the day, but they still did positive exchanging because the amounts of their reactive
powers all increased a lot during that time. For other time intervals, since there are no voltage
violations existed, the amounts of reactive powers for all agents remained constant because the
derivative of them should be 0.

Figure 5.11. Reactive supports of all agents.

From Figure 5.11, it can be observed that all agents contribute reactive powers proportionally.
To further confirm that all agents shared the total reactive power support based on and in
proportion with their sensitivities to the voltage violations, the case study also provides the
simulation results for Feeder B during a sample time interval 𝑡 = 70 (i.e., 11:40 AM). Figures
5.12-5.15 demonstrate the converge process for all agents. For instance, in Figure 5.12 the
EVCS at bus B23 contributes the highest reactive power among other EVCSs because that
Q

EVCS is located at the targeted bus (B23) that experiences the highest sensitivity factor s𝑖,𝑏 .
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Figure 5.12. Single loading point convergence of ∆𝑄𝑖,𝑏 .

In the beginning, the desired voltage deviation ∆𝑉𝑏𝑄 at the targeted bus B23 is 0.015 pu. The
𝑄
mismatch in reactive power 𝑚𝑖,𝑏
converges to zero from their local estimations as indicated in

(5.16) within 20 iterations as depicted in Figure 5.13.

𝑄
Figure 5.13. Single loading point convergence of 𝑚𝑖,𝑏
.

𝜆𝑞,𝑖 , ∀𝑖 ∈ Ωq , converges to an equal incremental ∆𝑄-sharing factor 𝜆∗𝑞 , reaching an optimal
solution from another common value, which is the optimal solution from the last time interval,
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as shown in Figure 5.14.

Figure 5.14. Single loading point convergence of 𝜆𝑞,𝑖 .

This also indicates that the required reactive power support is fulfilled, and ∆𝑉𝑏𝑄 approaches
zero, which is also confirmed in Figure 5.15.

Figure 5.15. Mismatch between total demand and support.

Figures 5.16 and 5.17 also confirm the proper voltage regulation effect. These two figures
picked two sample time intervals for Feeder A when it was suffering from overvoltage and
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undervoltage separately. The red and green symbols depict voltages for all buses before and
after regulation respectively. It can be observed that the voltages of corresponded critical buses
are mitigated to the standard level exactly by the proposed SQC algorithm.

Figure 5.16. Voltage changes on Feeder A after activating the SQC.

Figure 5.17. Voltage changes on feeder B after SQC.

5.5.1 Resetting of Reactive Power in SQC
From Figure 5.11, it is observable that the amounts of reactive dispatches for all agents only
stay at zero at the beginning because there are no violations during that time. However, the
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reactive powers never went back to zero anymore even there are no violations at the end of the
𝑔

𝑔

day. As the power demand changes, 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 could naturally lie within the standard
limits, i.e., ∆𝑉𝑏Q = 0. Holding the agents’ reactive powers at the values set at 𝑡 − 1 could
impose unjustified thermal stress on the agents’ converters. The proposal is therefore to reset
the agent’s reactive power 𝑄𝑖 in proportion to the agent’s voltage credit 𝐶𝑞,𝑏 as given by

𝑄𝑖,𝑏

Q
∆𝑉𝑏,𝑡−1
− 𝐶𝑞,𝑏
𝑄𝑖,𝑏,𝑡−1
= { ∆𝑉 Q

Q

|𝐶𝑞,𝑏 | ≤ |∆𝑉𝑏,𝑡−1 |

𝑏,𝑡−1

0

(5.23)

otherwise

where 𝐶𝑞,𝑏 defines the margin for an extremum voltage to reach its respective limit, i.e.,

𝐶𝑞,𝑏

𝑉𝑏 − 𝑉𝑢𝑝 1.0 ≤ 𝑉𝑏 ≤ 𝑉𝑢𝑝
= {𝑉𝑏 − 𝑉𝑙𝑜𝑤 𝑉𝑙𝑜𝑤 ≤ 𝑉𝑏 ≤ 1.0
0
otherwise

(5.24)

Another important feature of loads that is necessary for the proposed resetting method is that
load changes are not fast. That means for the same feeder, undervoltage and overvoltage
problems won’t happen within two consecutive time intervals. Thus, the target bus at a time
interval should remain the same as that of the previous time interval. The above mechanism
ensures resetting the agents’ reactive power to zero if the root cause behind the voltage
violation—i.e., the concurrent peak PV generation and EV demand— disappears.
Here attached the simulation results of voltages and reactive powers, after adding the resetting
of reactive power, depicted in Figures 5.18 and 5.19, respectively. As noticeable from Figure
5.19, the reactive powers from all agents are reset back to zero when there is no voltage
violation. Figure 5.18 confirms that the voltages can still be maintained properly after resetting
the reactive power, but the profiles became falter compared with those shown in Figure 5.11.
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Figure 5.18. Response of SQC with resetting.

Figure 5.19. Reactive supports of all agents with resetting.

5.5.2 Imposing Reactive Power Limits on SQC
In Section 5.4.1, it has been mentioned that the proposed SQC focuses on eliminating any
undervalue and overvoltage by stimulating reactive power exchange between EVCS/DG
converters and the grid. To reduce the converters’ thermal stresses and enhance the system
reliability, the proposed SQC minimizes, whilst distributing among all agents, the total injected
reactive power. Accordingly, the SQC is tailored to solve for the optimization problem in (5.1),
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subject to (5.2), and finally achieve the optimality condition in (5.7).
However, this objective model didn’t take into account the reactive limits for agents. It is
known to all that reactive power is not unlimited due to the capability of converter and power
generation activity. To consider reactive limits, the proposed SQC should also subject to
∀𝑖 ∈ Ωq

∆𝑄𝑖 ≤ ∆𝑄𝑖,𝑏 ≤ ∆𝑄𝑖

(5.25)

where ∆𝑄𝑖 and ∆𝑄𝑖 are lower and upper incremental reactive power limits of agent i at time
interval 𝑡 given by

∆𝑄𝑖 = √𝑆𝑖2 − 𝑃𝑖2 − |𝑄𝑖,𝑡−1 |

(5.26)

∆𝑄𝑖 = −∆𝑄𝑖

where 𝑄𝑖,𝑡−1 indicates the agent’s reactive power, the subscript 𝑡 − 1 indicates the settled value
during the precedent time interval, 𝑆𝑖 refers to the agent’s rated power, and 𝑃𝑖 denotes the
agent’s active power at 𝑡. Then the optimality condition proposed in (5.7) can be extended to
include the reactive power limits as follows:
∆𝑄𝑖
Q
s(𝑖,𝑏)

|

∆𝑄𝑖
Q

s(𝑖,𝑏)

|
{

= 𝜆∗𝑞

∆𝑄𝑖
Q
s(𝑖,𝑏)

when 𝑄𝑖 ≤ 𝑄𝑖 ≤ 𝑄𝑖

| < |𝜆∗𝑞 |

when 𝑄𝑖 = 𝑄𝑖

| > |𝜆∗𝑞 |

when 𝑄𝑖 = 𝑄𝑖

(5.27)

In order to satisfy the reactive power constraints, a set of projection operators ∅𝑖 is defined as

∅𝑖 ( 𝜆𝑞,𝑖 (𝑘 + 1)) =

∆𝑄𝑖

Q
∆𝑄𝑖 ≤ 𝜆𝑞,𝑖 (𝑘 + 1)s𝑖,𝑏

Q
𝜆𝑞,𝑖 (𝑘 + 1)s𝑖,𝑏

Q
∆𝑄𝑖 ≤ 𝜆𝑞,𝑖 (𝑘 + 1)s𝑖,𝑏
≤ ∆𝑄𝑖

{

𝜆𝑞,𝑖 (𝑘 +

∆𝑄𝑖

Q
1)s𝑖,𝑏

(5.28)

≥ ∆𝑄𝑖

The reactive dispatches for all agents after implementing limits of reactive power is illustrated
in Figure 5.20, in which DG A14 (orange line) is saturated around noon; As a result, agent with
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more capability, i.e. DG A18 (yellow line) absorbed more reactive power to pay back the
balance left by DG A14. On another hand, EVCS B23 dropped to zero around 11 am due to
the reaching of its reactive limit.

Figure 5.20. Reactive supports of all agents with resetting and limit.

However, even considering reactive limits is absolutely practical and essential, it brings new
upcoming challenges for voltage regulation, voltage violations are no longer guaranteed to be
removed completely by the SOC only because there might be a lack of abundant reactive power
when the demand is large. The corresponded voltage profiles in Figure 5.21 also proved this
issue, where there are remained voltage problems after enabling the proposed SQC.
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Figure 5.21. Response of SQC with resetting and limit

Therefore, two additional distributed control algorithms, namely, (i) distributed tap-changing
control (DTCC), and (ii) sensitivity-based active power curtailment (SPC), are proposed in
Chapter 6 to encounter the remained concurrent voltage violations due to reactive power limits.
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CHAPTER 6
DISTRIBUTED TAP CHANGING AND ACTIVE POWER CURTAILMENT

Due to the deficiency of the SQC after imposing of the converters’ reactive limits, two
distributed voltage regulation algorithms, i.e., the DTCC and SPC, are proposed in this chapter
to provide a comprehensive solution to the concurrent voltage violations. Further, the overall
coordination between the DEVE, SQC, SPC, and DTCC is presented to ultimately achieve the
following three objectives: distributing the required reactive power support sensibly between
agents, minimizing DG active power curtailment, and relaxing the OLTC operation.

6.1 Distributed Tap-changing Control (DTCC)
The proposed SQC is regarded as the primary remedy for eliminating voltage violations.
However, if the agents suffer from reactive power deficiency, the SQC will be unable to
provide a full solution to encounter voltage violations. Thus, the proposed DTCC will be
activated contingent to the following condition:
𝑔

𝑔

𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛 ≤ 𝑉𝑢𝑝 − 𝑉𝑙𝑜𝑤
𝑔

(6.1)

𝑔

After estimating 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 , based on Algorithm 1, the change in the tap position, i.e., ∆𝑁𝑡𝑟 ,
is updated using
−∆𝑉𝑏Q
∆𝑁𝑡𝑟 =
∆𝑣𝑡𝑟

(6.2)
𝑔

𝑔

where ∆𝑣𝑡𝑟 denotes the voltage step per tap. The OLTC would receive 𝑉𝑚𝑎𝑥 and 𝑉𝑚𝑖𝑛 through
communication links marked as red in Figure 5.3. It is worth mentioning that the OLTC should
be held in the standby mode—no tap change—when (6.1) is violated, because otherwise, new
voltage violations would be produced in the opposite trend, as those shown in Figures 4.5 and
4.6. Thus, as a continuation of Figure 5.25, the corresponded tapping position of OLTC is
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displayed in Figure 6.1, which never changed at all because (5.1) is not satisfied during any
time interval, also shown obviously in Figure 6.1.

Figure 6.1. Response of DTCC after SQC directly.

After exploiting all the available reactive power from the agents, the only way to restore (5.1)
𝑔

𝑔

is to curtail DG active power to lower 𝑉𝑚𝑎𝑥 or shed EVCS loads to higher 𝑉𝑚𝑖𝑛 . In this thesis,
the highest priority is given to supplying the EVCS demand; therefore, EVCS load shedding is
avoided.

6.2 Sensitivity-based Active Power Curtailment (SPC)
To fulfill (5.1) and allowing DTCC activating to solve the remained problem left by SQC, a
sensitivity-based active power curtailment (SPC) is applied to decrease the maximum voltage
of the network.
6.2.1 Optimal Active Power Curtailment
Similar to the SQC, which aims at minimizing reactive dispatch of DG and EVCS in (4.1), the
objective of the proposed SPC is to minimize the DG power curtailment, i.e.,
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min
𝛾

1
2
∑ (∆𝑃𝑖,𝑏 )
2 𝑝

(6.3)

𝑖∈Ω

subject to
𝑉𝑏 − 𝑉𝑚𝑖𝑛 ≤ 𝑉𝑢𝑝 − 𝑉𝑙𝑜𝑤

(6.4)

To only restore a feasible solution for the DTCC, the DG active power is curtailed to eliminate
the voltage deviation ∆𝑉𝑏𝑃 that is given by
𝑔

∆𝑉𝑏𝑃 = 𝑉𝑏 − 𝑉𝑚𝑖𝑛 − 0.1

∀𝑏 ∈ Ω𝑚𝑎𝑥

(6.5)

where Ω𝑚𝑎𝑥 is a subset of Ω∗ which only includes maximum voltage buses. Thus, (27) is
replaced by the following binding constraint:
𝑃
∆𝑉𝑏𝑃 = ∑ s⏟𝑖,𝑏
∆𝑃𝑖,𝑏
𝑖∈Ω𝑃

∀𝑏 ∈ Ω𝑚𝑎𝑥

(6.6)

P
∆𝑉𝑖,𝑏

The optimal solution of the above optimization problem is similar to that of the SQC. A
necessary condition for minimizing (6.3) is that all DGs should curtail active power in
proportion to their sensitivities, i.e.,

𝜆∗𝑝

∗
∆𝑃𝑖,𝑏
= 𝑃
𝑠𝑖,𝑏

∀𝑖 Ω𝑃

(6.7)

∗
where 𝜆∗𝑝 denotes the optimal incremental ∆𝑃-curtailment factor, and ∆𝑃𝑖,𝑏
is the optimal

curtailed active power from agent i to support the targeted bus b.
6.2.2 Main Functions of SPC
The proposed consensus algorithm for the SPC is given by
𝑃
𝑃
(𝑘)
𝜆𝑝,𝑖 (𝑘 + 1) = ∑ 𝑟𝑖,𝑗
𝜆𝑝,𝑗 (𝑘) + 𝜖𝑚𝑖,𝑏
𝑗∈𝑁𝑖+
𝑃
∆𝑃𝑖 (𝑘 + 1) = 𝜆𝑝,𝑖 (𝑘 + 1)s𝑖,𝑏
𝑃
P
𝑃
𝑃 [∆𝑃
(𝑘 + 1) = ∑ 𝑐𝑖,𝑗
(𝑘) − s𝑖,𝑏
𝑚𝑖,𝑏
𝑚𝑗,𝑏
𝑖 (𝑘 + 1) − ∆𝑃𝑖 (𝑘)]
+
𝑗∈𝑁𝑖
{
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∀𝑖 ∈ ΩP , 𝑏 ∈ Ω𝑚𝑎𝑥

(6.8)

𝑃
(𝑘) is the mismatch between the demanded curtailment and the total curtailed power
where 𝑚𝑖,𝑏
𝑃
𝑃
by the agents; 𝑟𝑖,𝑗
and 𝑐𝑖,𝑗
refer to the stochastic matrices for the SPC; 𝜖 is a sufficiently small

positive constant. Unlike the SQC, the SPC has no limit on the power curtailment as it is
allowed to curtail the full power of a DG. The power curtailment among all DGs is illustrated
in Figure 6.2 since only the voltage of bus A18 needs to decrease to satisfy (6.1) during the
whole day, so the curtailment only applied to the four DGs locate on feeder A, those two
connecting with feeder B never participated. The voltage profiles after applying SPC is
displayed in Figure 6.3, from which can be seen that the maximum voltage at Bus A18 has
been grabbed down to fulfill (6.1) allow DTCC to be activated.

Figure 6.2. Active curtailments of all DG agents without resetting.
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Figure 6.3. Response of SPC without resetting.

6.2.3 Resetting of Active Power in SPC
After restoring (6.1) using the SPC, the DTCC is activated to update the tap position based on
(6.2). The SPC proposed in (6.8) does not implement proportional resetting but abruptly reset
the active power curtailment to zero when there the feasibility condition for the OLTC is
satisfied. The proposal is, therefore, to reset the DGs’ curtailed powers, if (6.1) is intact,
according to

𝑐
𝑃𝑖,𝑏

P
∆𝑉𝑏,𝑡−1
− 𝐶𝑝,𝑏 𝑐
𝑃𝑖,𝑏,𝑡−1
P
= { ∆𝑉𝑏,𝑡−1

P
|
|𝐶𝑝,𝑏 | ≤ |∆𝑉𝑏,𝑡−1

0

(6.9)

otherwise

𝑐
where 𝑃𝑖,𝑏
is the curtailed power from agent i, and 𝐶𝑝,𝑏 defines a voltage credit for resetting the

power curtailment, i.e.,

𝐶𝑝,𝑏 = {

−∆𝑉𝑏P
0

𝑔

𝑔

𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛 ≤ 0.1
otherwise

(6.10)

The corresponded curtailed powers and voltages are provided in Figures 6.4 and 6.5,
respectively. The maximum voltage has dropped properly to satisfy (6.1) but with increased
curtailed powers due to the implementation of (6.9). However, the proportional resetting of
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SPC is still necessary because the abrupt resetting to zero, immediately after (6.1) is satisfied,
may cause an oscillatory voltage profile.

Figure 6.4. Active curtailments of all DG agents with resetting.

Figure 6.5. Response of SPC with resetting.

6.3 Coordination
During every time interval t, the DEVE estimates the extremum voltages to initialize the SQC.
After activating the SQC, if voltage violations are mitigated completely, the DTCC will be the
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primary choice if (6.1) is satisfied. Otherwise, the SPC is be applied before to restore a feasible
solution for the DTCC. The coordination scheme among all the proposed distributed control
algorithms is demonstrated by the flow chart in Figure 6.6.

Start

Measurements from agents
and/or RTUs

using DEVE in Algorithm 1

Are Voltages
proper?

=0

Employ SQC in
Eq. (5.14)
Dispatch agents
reactive powers

Reset QQ using Eq. (5.23)
Reset
using Eq. (6.9)

Dispatch agents
active and reactive
powers

using DEVE in Algorithm 1

Is DTCC activating
condition satisfied?

Adopt SPC in
Eq. (6.8)
Dispatch agents
active powers
Activate DTCC
in Eq. (6.2)
Update OLTC tap
position

End

Figure 6.6. Flowchart of the proposed strategy

6.4 Performance Evaluation
The tapping position of OLTC after enabling the SPC is illustrated in Figure 6.7, from which
it can be observed that DTCC was allowed to operate six times.
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Figure 6.7. Response of DTCC after SQC and SPC.

Figure 6.8. displays the final voltage profile when the coordination strategy is applied, in which
all voltages are maintained between 0.95 pu and 1.05 pu. The remaining small violations
typically occur because of the mechanical delay of the OLTC and its dead band.

Figure 6.8. Response of SPC with resetting and DTCC.

The small violations can be mitigated is the regulation gap, i.e., 1.05 − 0.95, is lowered. In
[15], there is another way to define the activating condition for DTCC that can be written as
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𝑔

𝑔

𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛 ≤ 𝑉𝑢𝑝 − 𝑉𝑙𝑜𝑤 − ∆𝑎

(6.11)

in which ∆𝑎 represents the voltage step change of the OLTC, which is normally 0.0075 pu.
Consequently, the objective of SPC would subject to
𝑉𝑏 − 𝑉𝑚𝑖𝑛 ≤ 𝑉𝑢𝑝 − 𝑉𝑙𝑜𝑤 − ∆𝑎

(6.12)

which leads to
𝑔

∆𝑉𝑏𝑃 = 𝑉𝑏 − 𝑉𝑚𝑖𝑛 − (0.1 − ∆𝑎)

∀𝑏 ∈ Ω𝑚𝑎𝑥

(6.13)

Compared with the activating condition implemented in (6.1), this condition has the advantage
that avoiding to produce any small violations because it even supplies a credit for OLTC to do
the tap changing, as shown in Figures 6.9. and 6.10. However, this condition causes more
curtailment because it requires to shrink the gap between extremum voltages more, which can
be seen in (6.13) and Figure 6.11. The OLTC tapped four times in Figure 6.12 which is less
than before because the activating condition becomes harsher. Since one of the objectives of
the proposed strategy is minimizing total power curtailment, and the small violations are not
that critical, the activating condition without the consideration of step-change in (6.1) is finally
applied.

Figure 6.9. Response of SPC with resetting aiming at eliminating all violations.

66

Figure 6.10. Response of SPC with resetting and DTCC aiming at eliminating all violations.

Figure 6.11. Active curtailments of all DG agents with resetting aiming at eliminating all violations.
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Figure 6.12. Response of DTCC after SQC and SPC aiming at eliminating all violations.

Therefore, it is also noteworthy that the SPC didn’t pull down the maximum voltage to
eliminate the overvoltage problem directly in Figure 6.5 but only cut it down slightly, and wait
for OLTC to solve it. The reason behind this is the total active power curtailment can be
decreased further. Even it would increase the number of tapping, but the minimizing of power
curtailment should have higher priority in an economic way; Besides, the stress of OLTC has
been immensely relieved by the SQC; In Figure 6.7, OLTC only tapped 6 times within 24 hours
but its maximum suggested daily tapping time is 30, which means this stress is absolutely
acceptable.
At last, to further confirm the performance of the proposed voltage control strategy, an ideal
OLTC (with no delay or dead-band) is modeled to replace the real one in the previous case
study. The voltage profiles after implementing the proposed coordination strategy in Figure
6.13, in which, all violations have been mitigated completely, and the extremum voltages stay
exactly at the standard limits.
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Figure 6.14. Ultimate voltage profile with all algorithms and ideal OLTC.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORKS
7.1 Conclusions
This thesis proposes three distributed algorithms and one control method for voltage regulation
of distribution networks to encounter simultaneous voltage violations that may occur in the
presence of electric vehicle charging stations (EVCSs) and photovoltaic (PV) distributed
generators (DGs), in which distributed extremum voltage estimation (DEVE) is in charge of
initialization and the other three are responsible for actuation. The novel DEVE is able to
estimate extremum voltage values and their locations in a distributed way. The proposed
sensitivity-based reactive power compensation (SQC) and sensitivity-based active power
curtailment (SPC) algorithms are formulated based on sensitivity analysis and are utilized to
optimally dispatch the reactive and active power from agents (i.e., EVCSs and PV-DGs). These
algorithms are also coordinated with a distributed tap changing control (DTCC) for on-load tap
changer (OLTC).
Simulation results are obtained based using the benchmark 45-bus distribution network under
different operating conditions for 24 hours. Case studies of applying only the SQC are
conducted first without reactive power limits, thus, voltage violations can be mitigated
properly. A resetting mechanism along with considering the reactive power limits are tested.
The resetting mechanism reduces the reactive power need for regulation but the reactive power
limits weaken the capability of the SQC to solve the problem. Then DTCC is coordinated with
the SQC to help mitigate the reactive power deficiency, but found to be prohibited; Thus, the
SPC is applied to restore a feasible solution for the DTCC. Hence, DTCC is allowed to operate
and solve the remained issues left by SQC. The presented results verify the successful
mitigation of the concurrent voltage violations in the presence of EVCSs and PV-DGs while
meeting the self-objectives of the voltage control devices, i.e., minimizing the agents’
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reactive/active power support, relaxing the OLTC operation, and satisfying the EVCS power
demand.

6.2 Future Works
In future work should focus on extending the proposed distributed algorithm by considering
the operation costs of voltage control devices.
6.2.1 Literature survey on the cost of volt/var control
Most existing voltage regulation approaches only concentrated on the effect of voltage error
mitigating, which caused some hidden issues such as increased system losses and a large
number of unnecessary control actions to be executed in actual operation [19]. These would
lead to a dramatical increase in the cost of voltage regulation. Some strategies seek to find a
solution to this issue. Traceback to 1988, the defects of traditional methods that ignored the
costs of reactive power dispatch were considered, and that limited their practical application
[59]. According to [60], with the increasing of system sizes, it is impossible for the operator to
identify the most effective subset of controls which result in maximum gains while meeting
real-world constraints itself, thus, some algorithms were proposed to minimize the number of
control actions as well as controller movements through selecting the most effective subset of
controls. In [61], a novel two-level approach based on the generalized benders decomposition
theory is proposed to solve the optimal one-day ahead scheduling, considering the coordination
of shunt compensators, extra-high-voltage (EHV) transformer taps and generator voltages; The
authors also mentioned that the reason to reduce the number of control actions is because it can
lead to longer life expectancy of devices and less maintenance. In [62], a new strategy for
online optimal reactive power dispatch is proposed to achieve energy loss minimization and
voltage profile control through ensuring the transition of discrete variables remain constant
over a time interval. The authors of [63] presented a new heuristic and algorithmic combined
approach for reactive power optimization with time-varying load which is applicable for the
71

whole distribution networks. This method aims at minimizing the 24-hours-system energy loss
and satisfying the maximum allowable daily operating times simultaneously; The proposed
strategy is partly correlated with cost minimization because of utilizing reactive power as a
primary procedure relieves the stress on typical voltage control devices. The authors in [64]
presents an optimal two-steps volt/var control strategy to minimize the total energy loss and
ensure amount of switching operations and nodal voltage lower than the maximum daily
allowance by dividing the forecasted load of the next day into several load levels, and then
determining the optimal dispatch schedule of all Volt/Var control devices. The proposed
strategy can realize the coordination among all mentioned devices in a distribution system.
6.2.2 Calculation of operational cost for voltage regulation
The cost of voltage regulation is correlated to the lifetime and operation costs of the voltage
control devices, such as OLLC, converters, capacitor banks (CBs). In [19], the author proposed
a formula to obtain the cost of OLTC and CB per single operation. The fundamental of these
cost models is the quotient of the device total cost divided by the expected total number of
operations.
First, the unit operating cost of OLTC at bus 𝑖, 𝐶𝑇𝑖 , is given by
𝐶𝑇𝑖 =

𝛼 𝑇 − 𝛼 𝑇′ 𝑖
𝛼𝑂′
1
𝐹𝑇𝑖 + 𝑖 𝐹𝑂𝑇𝑖 + 𝐹𝐿𝑇𝑖 ) + 𝐹𝑀
(𝐹𝑂𝑖 + 𝑖
𝑇𝑇𝑖
𝛼 𝑇𝑖
𝑡𝑂𝑇𝑖

(7.1)

in which 𝑇𝑇𝑖 is the design value of the total allowable adjustment times of OLTC transformer;
𝐹𝑂𝑖 means the initial investment of OLTC; 𝐹𝑇𝑖 refers to the initial investment of the transformer;
The initial investments are consisted by purchasing price and installing price. 𝛼 𝑇𝑖 and 𝛼 𝑇′ 𝑖
represent the life expectancy of the transformer without and with tap adjusted 𝑇𝑇𝑖 times,
respectively, where 𝛼 𝑇𝑖 > 𝛼 𝑇′ 𝑖 ; 𝛼𝑂′ 𝑖 denotes the life expectancy of OLTC after tapping 𝑇𝑇𝑖
times; 𝑡𝑂𝑇𝑖 indicates the overhaul period of OLTC; 𝐹𝑂𝑇𝑖 illustrates the unit overhaul cost of
OLTC; 𝐹𝐿𝑇𝑖 demonstrates system loss due to the fault of OLTC during 𝛼𝑂′ 𝑖 years.
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Accordingly, the unit operating cost of CB at bus 𝑖, 𝐶𝑠𝑖 , can be expressed as
𝛼𝐵′ 𝑖
1
𝐶𝑠𝑖 =
𝐹 + 𝐹𝐿𝑆𝑖 ) + 𝐹𝑀
(𝐹 + 𝐹𝐵𝑖 +
𝑇𝑠𝑖 𝐶𝑖
𝑡𝑂𝑆𝑖 𝑂𝑆𝑖

(7.2)

where 𝑇𝑠𝑖 is the design value of the total allowable adjustment times of Compensator CB; 𝐹𝐶𝑖
indicates the initial investment of the shunt capacitors/reactors; 𝐹𝐵𝑖 means the initial investment
of the breakers and their relevant operating equipment; 𝛼𝐵′ 𝑖 denotes the life expectancy of CB
after switching 𝑇𝑠𝑖 times; 𝑡𝑂𝑆𝑖 refers to the overhaul period of CB; 𝐹𝑂𝑆𝑖 represents the unit
overhaul cost of CB; 𝐹𝐿𝑆𝑖 is system loss due to the fault of CB during 𝛼𝐵′ 𝑖 years.
It can be realized that the terms of (6.1) and (6.2) are similar except the second term inside the
parenthesis. This is because, even without installing a tap changer, the transformer is still
connected to the system and loaded. Hence, only the reduction of the transformer’s life
expectancy due to tap changing is counted. While if without the installation of CB, breakers
and other corresponded operation equipment would even not being used in the system. Thus,
instead of only considering partial cost as that for the transformer, the whole cost of this
operation equipment needs to be included.
It can be observed that there also exists a term in both formulas, named 𝐹𝑀 , which denotes the
unit cost for an operator’s salaries. This part can be modeled as [19]:
𝐹𝑀 =

𝑚𝑆
𝑇
𝑇𝑖
𝑛𝑆 𝑇𝑆𝑖
𝑇
∑𝑛𝑖=1
′ + ∑𝑖=1 ′
𝛼𝑂𝑖
𝛼𝐵𝑖

(7.3)

in which, 𝑆 and 𝑚 indicate the annual salary of each operator and the number of operators,
respectively. In (6.3) since each operator is supposed to handle both control devices so the unit
operation cost is the common unit cost, which considers both of them.
As an extension of the work in [19], the unit cost of a converter can be included based on [65].
The main difference between the unit cost of the converter and those of OLTC and CB is that

73

the reactive power from converters is a continuous variable, unlike tap changing. Therefore,
the unit cost of the converter at bus 𝑖, 𝐶𝐼/𝐶𝑖 , can be modeled by
𝐶𝐼/𝐶𝑖 =

𝐹𝐼/𝐶𝑖 ⁄𝛼′𝐼/𝐶𝑖
𝑄𝐼/𝐶𝑖

(7.4)

where 𝐹𝐼/𝐶𝑖 is the initial investment related with a converter which includes purchasing and
installing of the converter, and the oversizing of the DG for carrying additional current and
′
supplying more reactive power; 𝛼𝐼/𝐶
refers to the contract lifespan of the converter; 𝑄𝐼/𝐶𝑖
𝑖

denotes the rated reactive power output of the converter. Therefore, the unit of 𝐶𝐼/𝐶𝑖 is
$⁄𝑚𝑣𝑎𝑟 − 𝑦𝑒𝑎𝑟.
Actually, instead of calculating the unit cost of converter based on annually rated output, there
is another reasonable way that is based on reactive energy. To realize this, the unit cost of the
′
converter at bus 𝑖based on reactive energy, 𝐶𝐼/𝐶
, should be formulated as
𝑖

′
𝐶𝐼/𝐶
𝑖

=

𝐹𝐼/𝐶𝑖 ⁄𝛼′𝐼/𝐶𝑖
𝑄𝐼/𝐶𝑖 × 𝐻𝐼/𝐶𝑖

(7.5)

′
where 𝐻𝐼/𝐶𝑖 indicates the annually working hours of the converter. 𝐶𝐼/𝐶
is $⁄𝑚𝑣𝑎𝑟 − ℎ. The
𝑖

reason of choosing one year as the unit time interval, not a month or a week, is the demand for
reactive power may vary in different seasons but should be almost consistent every year. With
the above cost models for voltage control devices, distributed optimization algorithms can be
designed in future work to minimize the cost of reactive power or voltage regulation.
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